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INTRODUCTION _ 

To provide the best possible diagnosis, today's clinicians need to understand both the capabilities and 
limitations of medical devices which measure respiration. In this book. Section 1.0 reviews the physiologic 
function of the respiratory system. The section includes a discussion of the physical laws that apply to 
gases and gas exchange. Section 2.0 outlines the mechanical principles that govern the volume, flow, and 
pressure of gases in monitoring devices used in the clinical environment. 

Section 3.0 describes the principles used in pulse oximetry technology, which has grown in use to 
assess patient arterial oxygenation and gas exchange. Section 4.0 discusses the techniques for measuring 
the oxygen saturation of mixed venous oxygen. By monitoring the mixed venous oxygen saturation, clini¬ 
cians can better manage cardiorespiratory problems. 

Section 5.0 presents the current state of impedance pneumography in the detection of respiratory 
effort, particularly in neonatal and pediatric intensive care units. This section also discusses improve¬ 
ments to impedance pneumography now under investigation. Section 6.0 outlines the measurement prin¬ 
ciples of anesthesia gases and carbon dioxide. Capnography has proven beneficial in monitoring patients 
during general anesthesia. 

The monitoring of respiration requires the measurement of various parameters from several 
physiologic viewpoints. This book attempts to place each method and its associated devices in perspec¬ 
tive so that patient care can be enhanced. 
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1.0 PULMONARY PHYSIOLOGY 


The respiratory system has many functional characteristics that link both large and micro¬ 
scopic structures. The system consists of an upper airway, a lower airway, a bony or rigid 
thorax, the muscles of ventilation, a blood or perfusion system, and a control system (Fig¬ 
ure 1.1). This system performs essential functions for the survival of the body, consisting 
of primary gas exchange as well as support of other body systems. These functions in¬ 
clude: 


Gas Exchange: The respiratory system supports all living cells in the body by pro¬ 
viding a fresh supply of essential oxygen (0 2 ) for metabolism, and by removing carbon 
dioxide gas (C0 2 ), which is the waste product of metabolism. 

Acid Base: Through the process of ventilation, the lung removes the appropriate 
amount of C0 2 gas and regulates the pH of the body. Regulation of pH is accomplished 
by removing volatile acid (acids converted into the gaseous state; in this case, carbonic 
acid converted to C0 2 gas). At the same time, the kidneys regulate the fixed acids through 
the excretion of these acids in the urine. 

Blood Reservoir: The lung receives the venous blood from the right ventricle of 
the heart. Because of its tremendous capacity to receive blood, the lung plays an essential 
role as the reservoir from which the left side of the heart draws blood. 

Fluid Balance: The lung is capable of fluid absorption into the blood stream, as in 
the case of near drowning in fresh water or aspiration of fluids while drinking. The lung 
can also remove fluid from the blood stream, as in pulmonary edema during left ventricu¬ 
lar failure. 

Filtering Mechanism: The lung acts as a filtering mechanism for blood by remov¬ 
ing several kinds of particles such as pulmonary emboli, fat emboli, bone marrow emboli, 
gas bubbles, and platelets or white cells. Filtered particles may be metabolized by the lung 
or removed through the lymphatics. The lung also constantly filters the air we breathe and 
removes trapped particles through the mucociliary clearance mechanism and the lym¬ 
phatic system. 

Temperature Control: Although humans use the lung only minimally as a cooling 
system, other species, such as dogs, depend heavily on the respiratory system to control 
body temperature. 

Metabolism: The lung produces some very important chemicals that serve physi¬ 
ologic and regulatory functions such as: blood clotting, vascular dilation, lung structural 
stability, and neurotransmitters. Some chemicals passing through the lungs are converted 
into their more active form; for example, angiotensin I produced by the kidneys is con¬ 
verted to angiotensin II, a very potent vasoconstrictor. 
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Figure 1.2— Structure of the upper airway and the 
oral cavity. 
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1-1 Upper Airway 

The upper airway acts as a conduction pathway for the movement of air into the respira¬ 
tory system. Air passing through the upper airway is warmed, filtered, and humidified on 
its way to the respiratory exchange regions. The upper airway structures also function in 
speech and smell. 

The upper airway includes the nose, the pharynx, and the larynx. Each of these 
structure has special functions (Figure 1.2). 

The air "conditioning" process begins with the nose. Hair follicles in the anterior 
portion of the nose (the nares) help filter out large particles. The air then channels past 
three lateral bony plates called turbinates. Here, the air is exposed to mucous membranes 
that warm and humidify the gas. Irrespective of the coldness or dryness of inspired air, 
the gas is usually completely warmed to body temperature and saturated with water by 
the time it reaches the trachea. The mucous membranes contain goblet cells, which pro¬ 
duce a mucous secretion, as well as tall columnar cells that contain cilia which help move 
the layer of mucous towards the throat. The mucous membranes are highly vascular and 
contribute about 650 milliliters of water to the inspired air per day. Large particles, greater 
than 10 microns in diameter, filter out in the nose while smaller particles, 2 to 10 microns 
in diameter, settle out in the mucociliary blanket of the lower respiratory tract. 

The pharynx, the space behind the oral and nasal cavities, is subdivided into the 
nasopharynx, the oropharynx, and the laryngopharynx (Figure 1.2). The nasopharynx lies 
above the soft palate and contains the pharyngeal tonsils or adenoids. These structures 
consist of lymphatic tissue. If inflamed they can sometimes block off the eustachian tube 
that connects the throat to the middle ear. 

The oropharynx includes the soft palate which spans the roof of the mouth to the 
base of the tongue. It functions as a conduit for air and food and contains the true tonsils 
(faucial tonsils) and the lingual tonsils, the lymph glands located at the base of the tongue. 

The laryngopharynx is the section from the base of the tongue to the opening of 
the esophagus. It contains the glottis, the opening through which we breath, the epiglottis, 
and the aryepiglottic folds which cover and protect the airway during swallowing. 

The larynx lies between the upper and lower airways and serves several impor¬ 
tant protective functions; it connects the upper and lower airways and is composed pri¬ 
marily of cartilage. Two large cartilage structures, the thyroid cartilage and the cricoid car¬ 
tilage, form the structure for the voice box. Housed within this structure are the smaller 
arytenoid cartilages which are connected to the vocal cords. These cartilages, which move 
in response to very finely controlled musculature, are responsible for phonation. The epi¬ 
glottis, located at the superior opening of the larynx, is an elastic cartilage attached to the 
thyroid cartilage. It closes over the opening of the airway during swallowing and protects 
the lower airway from aspiration of food particles or foreign bodies. 

One of the more important functions of the larynx is the cough mechanism. Effec¬ 
tive coughing clears particles from the larynx, trachea, and large airways. Clearance of 
particles that settle deeper in the airway depends on the mucociliary blanket described at 
the end of this section. The cough has several phases including irritation, deep inspiration, 
closure of the airway (glottic closure), compression and airway opening and expulsion. A 
cough can move gas from the lung at a rate of 10 liters per second during the expulsion 
phase. 
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Figure 1.3— Structure of the lower airway including 
the trachea, right and left main stem bronchi, and 
the lung segments originating form each of the 
segmental bronchi. 



Figure 1.4— Airway branching in human lung by 
regularized dichotomy from trachea (generation 
Z=0) to alveolar ducts and sacs (generations 20 to 
23). 
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1.2 Lower Airway 

1.2.1 Structural Considerations 
for the Lower Airway 

The lower airway begins with the trachea and proceeds through some 25 generations of 
branching airways (Figures 1.3 and 1.4). The structural components of the airways coin¬ 
cide with their functional properties. The large airways contain cartilage that maintains 
airway patency, as well as large mucous glands and ciliated cells that support airway 
clearance. Smaller airways have bands of smooth muscle that help control the distribution 
of inspired air. Finally, tiny air sacs called alveoli are composed of very thin flat cells that 
form the network for gas exchange between fresh air containing air and venous blood. 

On a macroscopic scale, the lower airway consists of the trachea that bifurcates into 
two mainstem bronchi which conduct air to the right and left lungs. The mainstem bron¬ 
chi branch consecutively to form three lobar bronchi on the right and two lobar bronchi on 
the left. Further branching results in 10 segmental bronchi on each side on the lung. This 
branching process continues, giving rise to three sequential groups of airways: the large or 
cartilaginous airways consisting of the trachea and the bronchi, the small airways or 
membranous airways called bronchioles, and the gas exchange region consisting of the 
respiratory bronchioles, alveolar ducts, and the alveoli. 

1.2.2 Functional Considerations 
for the Lower Airway 

The large cartilaginous airways, which function primarily in air conductance and filtra¬ 
tion, include the trachea and the bronchi, generations 0 through 9. The bronchi, character¬ 
ized by the cartilaginous layer, are embedded in the surrounding lung tissue (lung paren¬ 
chyma), but are not directly connected to it. Their patency depends in part on their carti¬ 
laginous structure. In addition, the bronchial epithelium rests on spiral bands of smooth 
muscle whose tone depends on innervation from the autonomic nervous system and on 
chemical and humoral control. Even though the bronchi have relatively large diameters, 
the sum of their cross-sectional areas is small compared to the sum of the more distal air¬ 
ways. As a result, the large airways account for a larger portion of the resistance encoun¬ 
tered when taking a breath. 

Specialized cellular components, including the ciliated columnar cells, goblet cells, 
and submucosal glands, are adapted to support filtration and removal of foreign sub¬ 
stances as well as maintaining airway humidification. Because of the thickness of these 
structural layers, the large airways receive their blood supply from a separate bronchial 
artery perfusion system. 

The small airways consist of the bronchioles (generations 10 through 16) and are 
characterized by their bands of smooth muscle, lack of cartilage, and progressive decline 
in the number of goblet cells. In the bronchioles, the clearance function diminishes and 
airway secretion becomes more serous. This design makes good sense because the airway 
size is now less than 2 millimeters in diameter. Because of the vast numbers of these small 
airways, their cross-sectional area is very large. Therefore, the bronchiolar conduction 
system contributes only about 10% of the total airway resistance during breathing. Small 
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Figure 1.5 — Diagram of the functional respiratory 
unit. Acinus, consisting of one bronchiole, and its 
corresponding blood supply; pulmonary arteriole 
returning blood from the body, and pulmonary 
venule returning oxygenated blood from the alveoli 
to the left heart. The capillary network supplying 
the alveolus essentially forms a sheet of blood. 
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changes in the caliber of these airways, however, have a tremendous effect on gas distri¬ 
bution to more distal lung units. 

The transitional and respiratory zone begins with the respiratory bronchioles, the 
first region of gas exchange, and progresses to the alveoli (generations 17 through 23). The 
blood supply comes from the pulmonary circulation rather than the bronchial artery sys¬ 
tem. The gas exchange area does not contribute to airway resistance during breathing, but 
is involved in the distensibility, or compliance, of the lung. 

The alveolar ducts arise from the respiratory bronchioles and act as conducting 
channels composed of alveoli separated by septal walls containing smooth muscle. Func¬ 
tionally, the ducts can contract or dilate in response to both humoral and chemical sub¬ 
stances. Contraction or dilation affects lung distensibility. The alveolar ducts account for 
about 35% of the lungs' total gas exchange. 

The final generation of the lung is the alveolus, the functional gas exchange unit. 
The acinus, or primary lobule, is a group of alveoli that form a functional respiratory unit 
supplying gas and blood for respiration. The acinus consists of approximately 3,000 al¬ 
veoli. These alveoli receive fresh gas from one terminal bronchiole and blood from one 
pulmonary arteriole (not the bronchial artery). This functional gas exchange unit mea¬ 
sures 3.5 millimeters in diameter, about the size of a pea (Figure 1.5). The lung contains 
about 100,000 acini and has a cross-sectional gas exchange area that approximates 75 
square meters. 

1.3 Lung Clearance 

The lungs' protective mechanisms involve a combination of both mechanical and chemi¬ 
cal means including filtration of inhaled particles in the nose and upper airway, coughing 
to remove large particles in the upper airway and major bronchi, tracheal bronchial clear¬ 
ance via the mucociliary blanket, bacterial clearance by alveolar macrophages and airway 
immunoglobulins, particulate removal through the lymphatic channels, and removal of 
solubilized substances by the bloodstream after passing through the alveolar capillary 
membrane. Particles are filtered by the respiratory system according to size. 

The majority of trapped particles are removed from the lungs by the mucociliary 
blanket. The lungs produces approximately 100 milliliters of secretion each day. Cilia on 
the surface of the epithelial cells beat in a swaying motion to propel the mucous toward 
the larynx where it is eventually swallowed (Figure 1.6). This escalator mechanism moves 
the mucous about 1 to 2 centimeters per minute, approximately far enough to clear the 
lungs every hour. 

Clinically, many respiratory diseases involve dysfunction of the mucociliary trans¬ 
port system. Chronic bronchitis, an example associated with increased mucous produc¬ 
tion, results from a proliferation of goblet cells and submucosal glands. In addition, sev¬ 
eral substances inhibit ciliary activity including alcohol, cigarette smoke, noxious gases, 
anesthetics, and low humidity. 

Alveoli lie deep in the respiratory system below the areas containing cilia. They 
are located too distal in the lung for the cough mechanism to affect clearance. Clearance 
here relies on free-roaming alveolar macrophages and immunoglobulins. Macrophages 
contain enzymes that destroy bacteria, while immunoglobulins act as antibodies that fight 
bacteria and some viruses. 
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1.4 Ventilation 

Ventilation, the movement of gas into and out of the lungs, requires an elastic lung and a 
flexible, expandable thoracic cage. The lungs act as pliable bellows that can hold up to six 
liters of gas and recoil to a volume of one liter after forced expiration. The thoracic cage is 
a three dimensional bone/cartilage structure serving as a rigid protector for the heart and 
lungs. The thorax is equipped with a complex system of muscles that expand in three di¬ 
mensions — longitudinal, anterior-posterior, and transverse (lateral). 

The thorax consists of 12 sets of paired ribs. Ten of the ribs are connected by carti¬ 
lage to the sternum or the rib above. During the respiratory cycle, the cartilage attach¬ 
ments give the rib cage the flexibility required for expansion or contraction. 

The muscles of ventilation are classified as primary or secondary according to 
their relative importance. The primary muscles include the diaphragm and two sets of in¬ 
tercostal muscles. The diaphragm elongates the thoracic cavity during inspiration and is 
innervated by the right and left phrenic nerves which originate from the spinal cord at the 
level of the third, fourth, and fifth cervical vertebrae. Damage to the spinal cord below this 
level leaves the diaphragm intact allowing the patient to continue to ventilate indepen¬ 
dently, while damage at or above this level results in diaphragmatic paralysis. The inter¬ 
costal muscles consist of the external intercostals, which are primarily inspiratory muscles, 
and the internal intercostals, which assist the expiratory process. 

The secondary muscles of ventilation include muscles of the neck, upper chest, 
back, and abdominals. Neck and upper chest muscles lift the upper ribs and sternum dur¬ 
ing inspiration, while the muscles of the chest and back act as accessory muscles of inspi¬ 
ration by elevating and helping to increase the diameter of the thoracic cage. 

Abdominal muscles arise from portions of the lower eight ribs or their cartilages 
and are all expiratory muscles that function by compressing the abdominal space. This 
maneuver elevates the diaphragm as well as depressing the rib cage during forceful expi¬ 
ration. In addition, all of the abdominal muscles participate in coughing and sneezing. 

1.5 Static Lung Volumes 

Ventilation involves movement of air in and out of the chest. This process requires move¬ 
ment or changes in both the thoracic cage as well as the lung. Both systems are elastic in 
nature and stretch or compress according to the forces imposed by the ventilatory 
muscles. Before considering the dynamics of ventilation, however, it is important to un¬ 
derstand how these two systems function at rest or during static conditions. 

The lung and the thorax can be viewed as two elastic bands, each pulling in oppo¬ 
site directions on a pendulum (Figure 1.7). The lung is composed of elastic fibers and 
tends to recoil or collapse on its own. The thorax, on the other hand, consists of a group of 
ribs that have been pulled inward or bent by the elastic forces of the lungs. The normal 
tendency of the rib cage is to recoil in an outward direction. At rest, these two forces pull 
in equal but opposite directions and the imaginary pendulum rests in the middle. When 
muscular effort pulls the rib cage out, these forces are offset and the lung expands. When 
the muscles relax, the lung forces overpower the chest wall and exhalation occurs. Con¬ 
versely, if muscular effort is used to compress the chest wall, the lung continues to exhale. 
Using the pendulum model as a framework, one can define normal tidal ventilation as 
well as static lung volumes and/or capacities (Figure 1.8). 
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Figure 1.7— Pendulum model of the lung illustrat¬ 
ing the opposing forces of the lung and the chest 
wall. 



Figure 1.8— Spirograph illustrating lung volumes 
and capacities for a normal adult with a 6 liter total 
lung capacity (TLC). RV = residual volume, ERV = 
expiratory reserve volume, V T = tidal volume, IRV = 
inspiratory reserve volume, FRC = functional 
residual capacity, IC = inspiratory capacity, VC = 
vital capacity. 
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The amount of gas in the lung when the pendulum is at rest is called functional re¬ 
sidual capacity (FRC). At this point, the lung elastic forces and the thoracic forces are equal 
but pulling in opposite directions. At rest, this volume of "functional" gas is exposed to 
the lung capillaries and constantly undergoes gas exchange. 

Tidal volume (V T ) is the volume of gas moved during normal restful breathing. A 
small amount of muscular effort increases the size of the chest and expands the lung. Once 
the lung stretches, exhalation requires only that the muscles relax and the lung recoil natu¬ 
rally. The pendulum swings back and forth with each breath as a result of only a small 
muscular effort. 

Expiratory reserve volume (ERV) is the amount of volume exhaled forcefully from the 
resting position. The pendulum is offset to the right as far as muscular effort can push it. 

Residual volume (RV) is the amount of air remaining in the lung after a complete 
exhalation. The muscles of ventilation cannot completely collapse the thorax, leaving a 
certain amount of gas in the chest. 

Inspiratory reserve volume (IRV) is the maximum amount of air that can be in¬ 
haled following a normal quiet inspiration. The muscles expand the thorax or move the 
pendulum as far left as possible. 

1.6 Measurement of Lung Volumes 

Lung volumes and ventilation are easily measured by a device called a spirometer. The 
spirometer consists of a breathing tube, a collection chamber (usually some sort of drum 
or cylinder), and a calibrated recording device. If the collection device is a cylinder, it is 
usually sealed by a rubber rolling seal that allows the cylinder to move without leaking 
any gas. A pen recording device, mechanically attached to the moving cylinder, records 
the volume movements as the cylinder moves during ventilation. The patient, usually 
seated in a chair, breathes normally at first then takes a deep breath to maximum lung ca¬ 
pacity and performs a forced exhalation to residual volume. The resulting paper trace, 
called a spirograph, records each of the lung volumes (with the exception of the residual 
volume). Many modern spirometry systems convert this analog signal to digital analysis 
by computer, calculating accurately and quickly all the volumes and capacities described 
above. Section 2 reviews the common types of volume measuring devices and flow trans¬ 
ducers used for the measurement of pulmonary function. 

1.7 Dynamic Ventilation 

The dynamics of ventilation involve a complex set of concepts including muscular move¬ 
ment that results in changes in the size and shape of the thorax and the lung, cyclic pres¬ 
sure changes in the thorax and lung resulting in gas movement and volume change, and 
gas distribution within the lung related to both compliance and resistance characteristics, 
normally referred to as lung mechanics. 

Ventilation, frequently referred to as minute ventilation (\(), is the amount of gas 
moved in and out of the lung during a minute. Mathematically, it is the product of the 
tidal volume (V T ) and the breathing frequency (f): 

V F = V T X f Equation 1.1 
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Figure 1.9— The tidal volume, (V T ) is a mixture of 
gas from the anatomical deadspace, (V D ) and from 
the alveolar gas, (V A ). 





Figure 1.10— Diagram of a lung showing typical 
volumes and flows. 


Ventilation 
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The amount of volume taken in during each breath (V T ) can be divided into two portions 
(Figure 1.9): alveolar gas volume (V A ), which undergoes gas exchange with alveolar capil¬ 
laries, and deadspace gas (V D ), the amount of gas left in the conducting airways at the end 
of the breath or gas that reaches capillaries with no blood supply. This gas does not con¬ 
tribute to functional gas exchange: 

V T = V A + V D Equation 1.2 

Deadspace gas may be further divided into: 

■ Anatomic deadspace: primarily gas in the conducting airways. 

■ Alveolar deadspace: alveoli not perfused and therefore not contributing to gas ex¬ 
change. 

■ Ventilation in excess of perfusion: alveoli over-ventilated in proportion to their perfu¬ 
sion and therefore having a portion of their ventilation functionally wasted. 

■ Physiologic deadspace: the total amount of deadspace that exists; the sum of the three 
above representing the total amount of ventilation wasted or not physiologically effec¬ 
tive. 


Minute alveolar ventilation (V A ), or minute deadspace ventilation (V D ), may be derived by 
combining the two equations above (Figure 1.10): 



V E = (V A + V D ) x f 
= (V A x f) + (V D x f) 

= V + V 

V A V D 

Equation 1.3 

where 

V c = minute ventilation 

E 

V A = alveolar gas volume 

V D = deadspace gas 
f = breathing frequency. 



Disease states can significantly alter the amount of deadspace ventilation, resulting in ad¬ 
verse effects on overall gas exchange. In addition, mechanical ventilators provide minute 
ventilation and must be adjusted to account for varying amounts of deadspace gas. 

1.8 Lung Mechanics 

The mechanical characteristics of the lung greatly influence both normal lung function 
and pulmonary disability. The two major factors involved in mechanics are lung compli¬ 
ance and resistance. Compliance generally refers to the static (no air flow) properties of the 
lung and measures the distensibility of the system when inflated with air. Resistance is a 
dynamic characteristic and is primarily concerned with the amount of pressure or work 
required to move air through the conducting pathways in the lung. 

Ventilation is achieved by using muscles to alter the resting pressures within the 
thorax. Air can only move if pressure differences exist. Air moves from areas of higher 
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pressure to areas of lower pressure. Thus, for air to move in and out of the lungs a pres¬ 
sure gradient must be created. 

Normally, inspiration occurs when alveolar pressure falls below the atmospheric 
pressure. This negative pressure breathing uses the muscles of ventilation to decompress 
the gas in the chest, creating a less than ambient pressure. By contrast, positive pressure 
ventilation requires that a mechanism is used to compress air above ambient pressure. 

Inspiration is normally accomplished by expansion of the thorax. As the dia¬ 
phragm moves down and the chest wall moves outward, pressure surrounding the lung 
(intrapleural pressure) becomes more negative. This negative pressure decompresses the 
lung causing it to expand. As the lung expands, pressure inside the lung (alveolar pres¬ 
sure) drops below ambient pressure and air flows into the lung. 

Unlike inspiration, which requires muscular effort, the expiratory process during 
the normal resting breathing pattern is mostly passive. As the inspiratory muscles relax, 
the lung's natural elastic fibers recoil. This recoil compresses lung volume and creates a 
positive alveolar pressure. As a result, a reverse gradient is created between the alveolar 
pressure and the atmosphere and the gas flows out of the lung. 

1.9 Static Property: Compliance 

The static characteristic of the lung, determined by its physical makeup, is called compli¬ 
ance. Lung expansion requires that the elastic forces which collapse the lung be stretched 
or overcome. To do this, the elastic and collagen fibers in the lung must be stretched, 
much like inflating a balloon. The stronger the elastic forces resisting inflation, the greater 
the pressure required to expand or to add volume to the lung. Elasticity is a measure of 
the force with which the lung fibers try to recoil. Compliance is the reciprocal of elasticity 
(C = 1 /E), or a measure of how easily the lung distends. Compliance determines the vol¬ 
ume change that will occur as a result of pressure changes imposed on the lung tissue. If 
the addition of volume to the lung requires only a small amount of pressure, the lung is 
called a compliant lung. On the other hand, if a large pressure is needed to inflate the 
lung, the lung is called a noncompliant lung. Compliance can be expressed as the relation¬ 
ship between volume and pressure or the volume change (AV) divided by the pressure 
change (AP): 


Compliance = Volum e change ( A_ V J Equation 1.4 

Pressure change (AP) 

Mechanical ventilation of the lung involves expansion of the lung as well as the 
chest wall. Therefore, several kinds of compliance can be defined: lung compliance, chest 
wall compliance, and respiratory system or total compliance. Most ventilator systems are 
equipped to measure only respiratory system compliance. More recent monitoring equip¬ 
ment using esophageal balloons for measurement of pleural pressure can measure all 
three types of compliance. 

Respiratory system compliance is measured by recording the tidal volume and 
the airway pressure during a mechanical breath. The laboratory tracing in Figure 1.11 rep¬ 
resents a typical airway pressure record obtained during a series of tidal breaths. The in¬ 
spiratory plateau can be created by dialing in the inspiratory pause on current ventilators. 
During inspiration, the peak pressure observed in the tracing is the pressure created in 
overcoming both resistance and compliance factors from the respiratory system and the 




Spacelabs Medical: RESPIRATION 
^11 — ■ ■ III 


ventilator circuit. During the plateau phase, however, airflow rapidly diminishes until the 
remaining pressure is predominantly produced by the elastic recoil properties of the sys¬ 
tem. The plateau pressure provides a reasonable estimate of the static recoil pressure re¬ 
sulting from the system's elasticity. Respiratory system compliance can then be calculated 
by dividing the tidal volume by the difference between plateau pressure and baseline 
pressure. 

Respiratory system compliance = - T i dal volum e- Equation 1.5 

Plateau pressure - Baseline pressure 

1.10 Dynamic Property: Resistance 

In contrast to compliance, which is a measurement of the static properties of the pulmo¬ 
nary system, resistance refers to the dynamic flow-dependent properties of the lung-tho¬ 
rax system. Resistance to airflow within the system is calculated by the simultaneous mea¬ 
surement of airflow and the pressure required to produce the airflow. Pressure must be 
generated during breathing in order to overcome several kinds of resistance: 

■ Airway resistance: Resistance specific to the movement of air through the conducting 
airways beginning with the mouth and/or nose and continuing all the way to the al¬ 
veoli. For patients on mechanical ventilators, it includes the resistance of the ventilator 
circuitry and the endotracheal tube. 

■ Tissue viscous resistance: The frictional resistance caused by movement of the tissues 
of the lung and the chest wall. 

■ Inertia: Inertial forces must be applied to accelerate the gas and tissues that comprise 
the respiratory system. Physiologically, inertia has been found to be a negligible quan¬ 
tity during normal breathing. 

Of the three types of resistance, airflow resistance is by far the most important 
clinically. The airflow resistance properties of the lung obey Poiseuille's law during condi¬ 
tions when the airflow is streamlined or laminar. Although turbulent flow also exists in 
the lung, the addition of turbulence does not alter the resistance of the airway per se, but 
rather changes the pressure required to produce the same amount of flow. Two major 
concepts from Poiseuille's law are clinically important: airway geometry and the pressure 
required to produce flow. 

For Poiseuille's law: 


where 


Flow = -^in—out^ 1 ^ 4 
81 n 

P = pressure 
r = radius of tube (cm) 
n = viscosity 
1 = length. 


Equation 1.6 
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■ Airway geometry: Airflow resistance is primarily the result of the physical dimen¬ 
sions of the airway, with the radius being by far the most important factor. Lung pa¬ 
thologies related to resistance result from changes in radius; for example, 
bronchoconstriction, mucosal irritation and swelling, thickening of the mucosal layer, 
and airway compression. When the airway includes the endotracheal tube and venti¬ 
lator circuitry, length as well as radius become important. In addition, water conden¬ 
sation in the tubing has a significant effect on the radius of the tubing and frequently 
becomes the largest resistance factor in the circuit. 

■ The pressure required to achieve a constant flow changes every time the airway ge¬ 
ometry changes. Disease states that reduce the radius of the airways require increased 
amounts of pressure to produce airflow. As a consequence, the patient must work 
harder to breathe. 

Although it is possible to measure several different kinds of resistance, this section 
will discuss only total system resistance, including the resistance of the lung, the chest 
wall, and portions of the ventilator circuit. Resistance can be calculated from the general 
equation: 


Resistance = Pressure differe nce Equation 1.7 

Flow 

where Pressure difference = difference between peak pressure 

and plateau pressure 
Flow = airflow. 

From Figure 1.11, resistance can be determined by dividing the difference be¬ 
tween peak pressure and plateau pressure by airflow. Since plateau pressure represents 
the elastic forces of the system, one can assume that the remaining pressure difference 
(Pi" P 2 ) is the pressure required to overcome the resistance of the system at the moment 
airflow stops. Airflow values may be obtained from specific airflow-sensing devices lo¬ 
cated on the mechanical ventilator or on airway monitoring instruments. On ventilators 
not equipped with these devices, airflow may be approximated by recording the flow set¬ 
ting on the ventilator, provided the ventilator generates a square wave or constant flow 
pattern. Resistance measurements from ventilators producing sine wave or diminishing 
flow patterns are less accurate, but still indicate the direction in which resistance changes 
occur in the patient's respiratory system. 

1.11 Distribution of Voiume and Ventiiation 

Two important consequences of the mechanical properties of the lung are the distribution 
of volume and the distribution of ventilation. The distribution of volume in the upright 
lung is determined by two factors: the inflation curve or volume pressure curve for the 
lung, where the shape of this curve is entirely determined by the compliance of the lung 
and the effect of gravity on the lung. 

The lung inflation curve can be determined by inflating the lung in stepwise incre¬ 
ments and simultaneously measuring the amount of pressure required to achieve infla¬ 
tion. Figure 1.12 illustrates that the lung inflates in a curved or "S" shaped pattern. This 
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Figure 1.13 — Effect of regional differences in 
pleural pressure on the distribution of ventilation. 
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pattern results from the elastic nature of the lung and surface tension characteristics. The 
amount of volume in any given unit is determined by the amount of inflating pressure or 
transpulmonary pressure to which the lung unit is exposed, and the lung elasticity. 

At rest or at the end of a tidal exhalation, the lung units experience different 
transpulmonary pressures or different distending pressures as a result of the effect of 
gravity on the lung. The lung has considerable weight due to the volume of blood filling 
the capillaries. Therefore, the distending pressures are less in the bottom of the lung than 
at the top. As a result, in the upright resting position, the apical lung units expand more 
than the basilar units (Figure 1.13). 

The distribution of ventilation during tidal breathing is opposite to distribution of 
volume that occurs at rest. In the upright position the lower lung units receive more ven¬ 
tilation than the upper lung units. Ventilation, a dynamic process, refers to the amount of 
volume change that occurs during a breath. The amount of ventilation that a lung unit re¬ 
ceives is determined by the lung unit's initial location on the lung volume pressure curve 
before the breath starts and on the amount of additional distending pressure that the unit 
is exposed to. If two lung units are exposed to the same change in pressure during a 
breath, the amount of inflation depends on their respective initial location on the inflation 
curve. Generally, the basal units are located at the beginning of the steep portion of the 
inflation curve, while the apical units remain near the top or flat portion of the inflation 
curve. As shown in Figure 1.13, the basal units move a considerable distance up the curve 
during the breath and have a large resultant volume change or ventilation. The apical 
units, which initially have a large resting volume, have a relatively small volume change 
during the breath. The larger ventilation in the basal units in the upright lung is beneficial 
because, proportionately, more blood flow is also distributed to this region. 

1.12 Gas Exchange 

The exchange of 0 2 used for metabolism or C0 2 produced by the metabolic process occurs 
across the alveolar capillary membrane. This exchange process is influenced by a number 
of physical factors including the solubility of the diffusing gases and their reactions with 
the blood, the properties of the alveolar capillary membrane across which the diffusion 
process must occur, the supply of fresh gas, the supply of blood, and the matching of ven¬ 
tilation with perfusion or the ventilation/perfusion ratio. 

Gas exchange takes place at two different levels in the body: externally in the lung 
and internally through the tissue capillaries that supply O z directly to tissue cells (Figure 
1.14). 

External gas exchange, or external respiration, refers to exchange that occurs at the 
alveolar capillary level in the lung. This exchange between 0 2 supplied from the atmo¬ 
sphere by ventilation and venous blood supplied to the lung capillaries is controlled by 
two systems: a ventilation system and a blood flow system. These systems, which control 
or determine external gas exchange, must be able to meet the metabolic needs of the cells 
lying deep within the organism in order for the organism to survive. 

Internal respiration refers to the gas exchange occurring between the systemic 
capillary and the actual tissue cells. The need for 0 2 and removal of C0 2 at this level is en¬ 
tirely dependent on the metabolic activity of the cell. For the organism to live, the gas ex¬ 
change needs of the cells (internal respiration) must be balanced by the external gas ex¬ 
change mechanism. 
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Four primary factors influence the external gas exchange process: 

■ Ventilation: Gases must move in and out of the respiratory system. This involves the 
use of the ventilatory muscles and a ventilatory control system. 

■ Diffusion: Gases move across membranes and into and out of cells because of their 
tendency to move from areas of higher kinetic energy to areas of lower kinetic energy 
or concentration. 

■ Perfusion: Blood flows through the lung and specifically through the pulmonary cap¬ 
illaries. Blood flow facilitates the diffusion process and is the essential carrier mecha¬ 
nism for transport of gases to and away from the tissue cells. 

■ Ventilation perfusion ratio: This ratio determines the amounts of 0 2 and C0 2 ex¬ 
changed in each lung unit. By very carefully controlling this ratio, the body can match 
the external gas exchange process to the internal cellular needs. 

External respiration depends on the ventilation perfusion ratio. Gas exchange be¬ 
tween the atmosphere and the blood results from the gas exchange between individual 
alveolar air units and the pulmonary blood perfusing the alveolar capillary. This combina¬ 
tion of alveolus and corresponding pulmonary capillary forms the basic respiratory unit 
(Figure 1.15). 

It is helpful to consider the respiratory unit in terms of the amount of ventilation 
relative to the amount of perfusion. In fact, an infinite number of variations occur between 
the two ends of the spectrum, from completely ventilated but not perfused to completely 
perfused but not ventilated. The variations can be simplified as follows: 

■ Normal unit: The normal respiratory unit is both ventilated and perfused. Venous 
blood returning from the tissue cells is exposed to fresh alveolar gas and exits the cap¬ 
illary replenished with O z . 

■ Deadspace unit: This respiratory unit is ventilated but not perfused. From a gas ex¬ 
change standpoint, this is wasted ventilation. 

■ Shunt unit: This respiratory unit represents a pulmonary capillary that is perfused 
but not ventilated. The blood in this capillary bypasses the gas exchange process and 
lowers the 0 2 tension in the arterial blood. 

■ Silent unit: This respiratory unit is neither ventilated nor perfused. 

1.13 Diffusion 

Diffusion across membranes and through tissues is described by Fick's law. This law 
states that the rate of diffusion (V) of a gas across a membrane is proportional to the sur¬ 
face area of the membrane (A), a diffusion coefficient (D), the partial pressure differences 
or concentration difference between the two sides of the membrane (Pj-P 2 ), and inversely 
proportional to the thickness of the membrane (t): 
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Figure 1.15 — Basic respiratory unit: ventilated 
alveolus and corresponding pulmonary capillary. 
Gas exchange is the net result of fresh air exchange 
in the alveolus in relation to mixed venous blood 
supply. Normal values for carbon dioxide tension 
are illustrated. 


Ventilation 



P c co 2 

40 mm Hg 


Figure 1.16 — Diffusion cascade: schematic repre¬ 
sentation of the partial pressures of 0 2 and CO, as 
they change from the atmosphere to the tissue cells. 



□ Oxygen □ Carbon dioxide 
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where 


V = ADIP,^) 

t 


Equation 1.8 


V = rate of diffusion 
A = surface area of the membrane 
D = diffusion coefficient 

P,-P 2 = partial pressure differences across the membrane 
t = thickness of the membrane. 


Although certain disease states affect these variables (for example, emphysema 
and pneumonectomy affect surface area; pulmonary edema and fibrosis affect membrane 
thickness), the main focus here will be on the pressure gradients that move gases within 
the system. 

Oxygen flows or moves down pressure gradients beginning with the partial pres¬ 
sure of 0 2 in the inspired air and ending in the partial pressure of the mitochondria within 
the tissue cells. Pictorially, this is often represented as the 0 2 cascade (Figure 1.16). Oxygen 
enters the respiratory system at a P a 0 2 of approximately 160 mm Hg. A slight drop in pres¬ 
sure results from the addition of humidity in the upper airway, followed by a large drop 
as the inspired air mixes with the large amount of functional residual volume that exists in 
the lung during normal breathing. Diffusion occurs across the alveolar capillary mem¬ 
brane as pressure gradients move the 0 2 into the alveolar capillary blood. Oxygen-rich 
arterial blood is then pumped to the tissue capillaries where pressure-driven diffusion 
again occurs between the blood and the tissue cells. Finally, 0 2 further diffuses within the 
tissue and into the interior of each cell where the mitochondria use it for cellular metabo¬ 
lism. 

The movement of 0 2 across the alveolar capillary membrane depends on the pres¬ 
sure differences between the alveolar gas and the capillary blood. Normally the alveolar 
gas has a partial pressure of approximately 100 mm Hg while the mixed venous blood has 
a partial pressure of 40 mm Hg. Thus, the initial pressure gradient moving 0 2 into the 
blood is approximately 60 mm Hg. As the diffusion process continues to occur, this pres¬ 
sure gradient gradually diminishes until the capillary blood has equilibrated with the al¬ 
veolar gas. Figure 1.17 presents the time course of this process. Pulmonary blood requires 
only about one third of this time to equilibrate with the alveolar gas. As a result, the nor¬ 
mal lung has a fairly large diffusion reserve. Normally, movement of 0 2 is not limited by 
the diffusion process but rather by the amount of blood perfusing the capillary. Since the 
0 2 concentration equilibrates so rapidly across the membrane, the factor that limits the 
amount of 0 2 diffusing across the membrane is the amount of pulmonary blood flow. 


1-14 Pulmonary Blood Flow 

The gas exchange process requires both ventilation and pulmonary blood flow. Blood 
flow is essential in achieving 0 2 uptake in the lungs as well as in delivering C0 2 from the 
tissue to the lungs. The lungs receive the entire cardiac output from the right heart. The 
pulmonary perfusion system consists of a branching network of pulmonary arteries that 
distribute venous blood to the alveolar capillaries for gas exchange. In addition, a second 
and much smaller perfusion system exists — the bronchial artery system. This system 
supplies oxygenated systemic blood to the walls of the tracheal bronchial tree. The addi¬ 
tional blood supply is necessary because of the metabolic activity required to support the 
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mucociliary transport system and because the bronchial walls are too thick to receive 0 2 
via diffusion from the airway. 

1.15 Pulmonary Circulation 

The lung is perfused by two main pulmonary arteries, one entering from the left and the 
other from the right, close to the middle, or hilum, of the lung. Each of these arteries 
branch along with their respective bronchi, becoming smaller and smaller until they even¬ 
tually form a sheet-like capillary network called the alveolar capillary. This extremely thin 
(1 to 2 microns) capillary network facilitates the diffusion process. For the most part blood 
flows through the capillary as a single layer or sheet of red cells. 

Structurally, pulmonary arteries contain less smooth muscle than systemic arter¬ 
ies. The thin wall structures result in a much more distensible vessel, a characteristic that 
not only allows the pulmonary arteries to stretch with lung inflation but also permits them 
to function as a blood reservoir for the heart. 

1.16 Pulmonary Vascular Pressures 
and Resistance 

Pressures in pulmonary circulation are much smaller than pressures in the systemic sys¬ 
tem. Pulmonary artery pressure measures approximately 25/8 mm Hg with a mean of 15 
mm Hg, compared to a normal systemic arterial blood pressure of 120/80 mm Hg and a 
mean of 100 mm Hg. The structural differences in the pulmonary arterial walls described 
above and their increased distensibility contribute to decreased blood pressure. Because of 
the smaller pressures in the pulmonary circulation, resistance is only one tenth that of the 
systemic system. 

Lung perfusion pressure as well as lung inflation affect pulmonary vascular resis¬ 
tance. Increased perfusion pressure decreases vascular resistance as a result of recruitment 
of additional pulmonary vessels (probably in the apex of the lung) and distension of other 
vessels. In addition, lung inflation has a variable effect on resistance as illustrated in Fig¬ 
ure 1.18. Pulmonary vascular resistance increases as the lung deflates below FRC as well 
as when the lung volume increases above FRC. This results from the varying effect that 
lung volume has on the pulmonary vessels according to location. Vessels course along 
with branching airways until they become alveolar capillary vessels. Before they reach the 
capillary, however, they branch with the airways and embed in the lung parenchyma 
(lung tissue). Before joining the capillary these vessels are surrounded by alveoli and are 
called extra alveolar vessels. During lung inflation, the alveoli stretch and exert radial ten¬ 
sion on the extra alveolar vessels causing them to dilate. 

In contrast, once the pulmonary vessels reach the capillary, they become part of 
the alveolar wall. Lung inflation in this instance stretches the wall and narrows the alveo¬ 
lar vessel. As illustrated in Figure 1.18, the lowest vascular resistance occurs at functional 
residual volume, the volume where the lung spends the majority of its time. 

1.17 Distribution of Pulmonary Blood Flow 

Blood flow is unevenly distributed in the lung as a result of two primary factors: the avail¬ 
able perfusion pressure created by the right heart, and the affect of gravity on the lung. 
Figure 1.19 illustrates the three zones of lung perfusion. 
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Figure 1.20— The majority of pulmonary blood 
flow normally occurs in the gravity-dependent 
areas of the lung. Thus, body position has a 
significant effect on the distribution of pulmonary 
blood flow, as shown in the erect (a), supine (lying 
on the back) (b), and lateral (lying on the side) (c) 
positions. 
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In zone 1, no blood flow occurs because the pulmonary perfusion pressure is not 
sufficient to pump blood to this level. For the most part, normal individuals do not have a 
zone 1. However, it tends to appear in very tall persons or during conditions of positive 
pressure, such as during intermittent positive pressure breathing (IPPB) or mechanical 
ventilation where the alveolar pressure causes the capillary to collapse. 

Blood flow increases in zone 2. This zone resembles a vessel within an airtight box. 
Blood flow in this region depends on both the arterial perfusion pressure and the alveolar 
pressure. The arterial pressure supports blood flow through the vessel, but the flow can be 
reduced by increasing the air pressure inside the box. The amount of blood flow depends 
on the difference between the arterial perfusion pressure and the air or alveolar pressure. 
The flow in this zone may be described as the waterfall effect or the Starling Resistor Phe¬ 
nomenon, where the alveolar pressure represents the dam (the blood flow downstream of 
the dam is controlled by the dam). 

Blood flow is greatest in zone 3 where the perfusion pressure always exceeds the 
alveolar pressure. Blood flow occurs as a result of the difference between pulmonary ar¬ 
tery pressure and pulmonary venous pressure. This pressure difference is constant 
throughout the zone. Blood flow increases deeper into the zone, however, because the 
mean pressure within the vessel increases and distends the vessel. 

These three zones are constantly shifting as body position changes. As seen in Fig¬ 
ure 1.20, gravity has the effect of retaining the vertical orientation such that the uppermost 
lung section becomes the new zone 1 and the lowermost lung section becomes zone 3. The 
lung is most evenly perfused in the recumbent position where a larger percentage of the 
total lung exists as zone 3. 

1.18 Ventilation Perfusion Relationships 

The relationship between ventilation and perfusion affects the gas exchange process. Even 
distribution or equal matching of ventilation and perfusion maximizes gas exchange, 
while imbalance between the two impairs gas exchange. The pathology of most lung dis¬ 
orders results from ventilation/perfusion mismatch. 

1.18.1 Impaired Gas Exchange 

Gas exchange is often compared to heat exchange in a hot water heater. The efficiency of 
the heat exchange device can be determined by measuring how closely the air tempera¬ 
ture coming out of the device matches the temperature of the water inside the device. If 
the difference is large, the device is not a very good heat exchanger. Similarly, the ability 
of the lung to exchange gas can be measured by determining how closely the 0 2 tensions 
in the arterial blood (blood returning from the lung after the gas exchange process, P a 0 2 ) 
match the O z tension inside the lung (the alveolar P A 0 2 ). Under perfect conditions, the P a 0 2 
and P a C0 2 would exactly match the corresponding P A 0 2 and P A C0 2 . During normal condi¬ 
tions, however, a small difference exists between the arterial and alveolar gas concentra¬ 
tions (usually less than 5 mm Hg for 0 2 ). This difference can become significantly larger 
and the gas exchange process can become significantly impaired as a result of any of the 
four following conditions: hypoventilation, diffusion impairment, shunting of blood, and 
ventilation/perfusion inequality. 
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Hypoventilation: The P A 0 2 is determined by comparing the rate of removal of 0 2 
by the blood and the rate of replenishment by alveolar ventilation. Hypoventilation has 
two negative effects on the gas exchange process. First, fresh O z is not replenished in the 
lung so that the arterial 0 2 tensions begin to approach those of venous blood. Second, as 
the alveolar gas tensions drop, the partial pressure gradient between gas and blood di¬ 
minishes. This gradient is necessary for the gases to move across the capillary membrane. 

Diffusion Impairment: Actual diffusion impairment occurs under conditions in 
which the alveolar capillary membrane becomes thickened, such as in pulmonary edema. 
In addition, exercise and altitude affect the diffusion capabilities of the lung by reducing 
the time that gas has to diffuse across the membrane and the partial pressure gradient that 
drives diffusion. Although diffusion impairment can and does occur in the clinical setting, 
the primary gas exchange limitation usually results from ventilation perfusion inequality. 

Shunt: Shunted blood never exchanges with alveolar gas and, therefore, has the 
immediate effect of lowering the arterial 0 2 tension below the alveolar level. Because true 
shunted blood is not exposed to the alveolar gas, supplemental O z is of little use in 
correcting the gas exchange problem. However, in lung units with very small amounts of 
ventilation and normal perfusion (called the shunt effect or perfusion in excess of ventila¬ 
tion), the use of supplemental 0 2 is quite beneficial. The additional 0 2 increases the partial 
pressure of the gas in the alveolus and, therefore, supports the diffusion process. 

Ventilation/Perfusion: The inequality of ventilation and perfusion is the most 
common cause of impaired gas exchange in the lung. Even though the normal amount of 
inequality in gas pressures makes surprisingly little difference (only 5 mm Hg for 0 2 and 
only about 1 mm Hg for C0 2 ), in disease states the mismatch accounts for very large and 
critical differences. For example, consider how the gas exchange function of the lung 
would be impaired if all ventilation went to the apex of the lung and all perfusion went to 
the base of the lung. Gas exchange would not occur at all because fresh gas would never 
come in contact with capillary blood. While this is an extreme case, and the lung as a 
whole does not usually exhibit this tendency, certain disease states occur in which many 
sections of the lung have widely varying degrees of ventilation and blood flow. 

1.18.2 Ventilation Perfusion Ratio 

It is helpful when considering the relationship between ventilation and perfusion to look 
at the ventilation/perfusion (V/Q) line (Figure 1.21). This line expresses the extremes of 
V/Q that may occur in the lung and the range of gas tensions that occur as a result of this 
relationship. The V/Q line begins with a lung unit that has no ventilation, for example, a 
shunt unit that has a V/Q ratio of 0. It proceeds through the normal ventilation perfusion 
ratio of about 0.8 to 1 and finally increases until an infinite amount of ventilation exists 
compared to blood flow, namely, deadspace. 

The normal condition of the lung is near the middle of the V/Q line, with the 
bases lying slightly to the left and the apices slightly to the right. As described earlier, the 
bases of the lung are more heavily perfused than the apices and have a lower V/Q ratio. 
By contrast, the apices have a relatively small amount of perfusion and are comparatively 
over-ventilated relative to their perfusion. This relationship can be expressed as a chart il¬ 
lustrating the ventilation perfusion rations for different cross-sections of the lung from the 
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Figure 1.22— Regional differences in gas exchange 
down the normal lung. Only the apical and basal 
values are shown. 
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base to the apex (Figure 1.22). In this chart, the apex has a ventilation perfusion ratio of 
about 3.3 and the base has a V/Q = 0.6. 

The importance of the ventilation perfusion ratio in determining gas exchange can 
also be described by considering the 0 2 -C0 2 diagram (Figure 1.23). This diagram illus¬ 
trates the alveolar gas tensions and blood tensions resulting from all the possible combina¬ 
tions of ventilation and blood flow or all the V/Q ratios. Each lung slice is represented on 
the graph by a point. Lung slices near the apex appear far to the right and more closely 
resemble that of deadspace or inspired gas tensions. Lung units to the left represent units 
from the base of the lung with lower V/Q ratios and more closely approximate shunt or 
mixed venous blood. 

1.19 Gas Transport 

For multiple-celled organisms to survive in the evolutionary process, they had to develop 
systems that would effectively transport gases (0 2 ) from the external environment inter¬ 
nally to individual cells. As a benefit to the organism, the transition from anaerobic life to 
aerobic life allowed for 18 times as much energy to be extracted from metabolism of glu¬ 
cose in the presence of O z . Two principal mechanisms evolved for providing a continuous 
flow of 0 2 to the cells: a circulatory system (because 0 2 has a diffusion limitation of about 
1 millimeter in tissue), and 0 2 -carrying molecules (proteins) capable of greatly increasing 
the amount of 0 2 transported by the blood. Functionally, 0 2 must be transported to the 
cells for metabolism and CO z must be transported away from the cells and removed from 
the body. Because transport of these gases requires significantly different mechanisms, 
they will be discussed separately. 

1.19.1 Oxygen Transport 

Blood carries 0 2 in two forms: dissolved in the plasma and attached or bound to hemoglo¬ 
bin. Oxygen content refers to the sum of both forms contained in a blood sample and is 
usually reported in volumes percent (vol%) or the amount of 0 2 in milliliters that is con¬ 
tained in 100 milliliters of blood. Normally about 20 vol%, or 20 milliliters of 0 2 , are car¬ 
ried in every 100 milliliters of arterial blood. 

The amount of 0 2 dissolved in plasma is a function of the solubility of 0 2 in 
plasma and the partial pressure of O z in the sample. The solubility is determined chemi¬ 
cally and is generally reported as 0.003 voI% or, for every 100 milliliters of blood, 0.003 
milliliters of O, per mm Hg of 0 2 tension. 

The vast majority of 0 2 molecules in the blood are bound to hemoglobin mol¬ 
ecules within the red blood cells. Flemoglobin, a very large protein molecule with a mo¬ 
lecular weight of 64,457 grams, consists of four large protein portions (four globins) and 
four heme groups (a nonprotein portion containing iron). Oxygen is carried or bound by 
the iron portion of the heme group. Each molecule of hemoglobin has four iron sites and 
can carry four 0 2 molecules. The presence of hemoglobin in the blood increases the 0 2 
transport capabilities of one liter of blood from about 3 milliliters to 200 milliliters of 0 2 . 

Oxygen combines with hemoglobin in an easily reversible reaction to form oxyhe¬ 
moglobin. The binding process, however, is affected by the number of O z molecules al¬ 
ready bound to the hemoglobin molecule and by several other important factors that af¬ 
fect the binding capability including the presence of C0 2 and hydrogen ions (which are 
also carried by hemoglobin), temperature, and 2,3-diphosphoglycerate. Increases in the 
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Figure 1.23— Oxygen-carbon dioxide diagram. 
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concentration of C0 2 , hydrogen ions, and 2,3-diphosphoglycerate, or an increase in the 
temperature alter the binding characteristics of hemoglobin, resulting in 0 2 release. This 
process occurs at the tissue level where 0 2 is unloaded to the cells. Conversely, decreases 
in these same factors increase the affinity of the hemoglobin molecule for 0 2 as it passes 
through the lung and, therefore, assist the loading of O z onto the red blood cell. 

The binding of 0 2 to hemoglobin is expressed as the oxyhemoglobin curve (Figure 
1.24). The sigmoid shape of this curve reflects the change in binding characteristics of he¬ 
moglobin as the four 0 2 molecules are added on to the hemoglobin. In addition, by ex¬ 
pressing the vertical axis as 0 2 content, one can see the differences in the amounts of 0 2 
carried as dissolved versus that bound to hemoglobin. One gram of pure hemoglobin 
when fully saturated with 0 2 combines with 1.39 milliliters of 0 2 . Under normal body 
conditions, which include small amounts of impurities, this value is reduced to 1.34 milli¬ 
liters of 0 2 and is the standard value reported in most textbooks. 

The total amount of O z carried by a 100-milliliter sample of arterial blood is the 
sum of the 0 2 bound to hemoglobin and that which is dissolved in the plasma: 

■ Bound 0 2 : 15 gm%Hb x 1.34 mls/gm x 98% saturation = 19.69 vol% 

■ Dissolved Oy. .003 vol% x 100 mm Hg P0 2 =00.3 vol% 

Total 0 2 = 19.99 vol% 


where Hb = hemoglobin 

P0 2 = partial pressure of O z 
mm Hg = millimeters of mercury pressure. 

For cells to use 0 2 in metabolism, the 0 2 must be transported from the lung to the 
tissue. The heart moves the 0 2 using the hemoglobin of the red blood cell as the primary 
gas transport medium. The total amount of 0 2 transported to the tissues by the arterial 
blood can be calculated by multiplying the cardiac output times the blood O, content: 

0 2 transport = Cardiac output x O z content Equation 1.9 

Since 0 2 content is expressed in volumes percent or the number of milliliters of 0 2 
contained in 100 milliliters of blood, the cardiac output must be converted into the num¬ 
ber of 100-milliliter units delivered per minute. Cardiac output is reported as liters per 
minute so the conversion is accomplished by multiplying the cardiac output by 10: 



0 2 transport = 

(COxl0)xCO 2 

Equation 1.10 

where 

CO = 
CO, = 

a 2 

cardiac output 

0 2 content of arterial blood. 



1.19.2 Carbon Dioxide Transport 

Carbon dioxide originates as a byproduct of metabolism in the cells. It diffuses out of the 
cells and into the capillary venous blood where it is carried to the lungs for elimination. 
Carbon dioxide is carried in two primary compartments: in the plasma and within the red 
blood cells. In contrast to 0 2 , which is transported primarily bound to hemoglobin, much 
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larger amounts of C0 2 are moved chemically as bicarbonate. In addition, C0 2 may be car¬ 
ried in the following ways: 

■ As bicarbonate (60% to 70% of the total C0 2 ) 

e Combined with proteins (20% to 30% of the total C0 2 ) 

b As dissolved C0 2 (5% to 10% of the total C0 2 ) 

b A very small amount as carbonic acid (H,C0 3 ) (.001% of the total CO z ) 

Carbon dioxide is carried in all four of these forms in both the plasma and the red 
blood cells. However, for C0 2 to form bicarbonate it must first undergo the following 
chemical reaction: 

co 2 + H z O — >h 2 co 3 — >«f) + (HC0 3 ) 

This reaction is very slow, occurring in about 20 seconds in the plasma. In the red 
blood cell, however, the reaction is greatly enhanced by the catalyst carbonic anhydrase 
and reaction time is reduced to about 0.1 second. As a result, the great majority of bicar¬ 
bonate is produced first within the red blood cell and then diffuses out of the cell and into 
the plasma. To maintain electrical and chemical equilibrium as the bicarbonate ion moves 
out of the cell, this negative ion is exchanged for a chloride ion in the plasma, a transaction 
referred to as the "chloride shift". 

Once C0 2 reaches the lung, the entire reaction involving bicarbonate must occur 
in reverse in order for the lung to expel C0 2 in a gaseous form. Much larger amounts of 
CO z than 0 2 are carried in the blood. The arterial blood contains about 48 vol% C0 2 . By 
contrast, less than half that amount, or 20 vol% 0 2 , is carried in the arterial blood. 

Blood content curves may be constructed for both 0 2 and CO z . Even though it is 
customary to report C0 2 content in milliequivalents per liter, for comparison purposes 
both gases are expressed in vol% on the vertical axis. Several important concepts can be 
illustrated by the curves (Figure 1.25): 

b The content difference between arterial and venous blood for both gases is 5 vol%. In 
other words, 5 vol% of 0 2 is released in the capillary in exchange for 5 vol% of CO z . 
The same exchange ratio exists in the lung where 5 vol% of 0 2 is added to the venous 
blood and 5 vol% of C0 2 is released and removed through ventilation. This unique re¬ 
lationship helps to explain how the external gas exchange process must be adjusted to 
meet the internal gas exchange process for the organism to survive. 

b The change in partial pressure required to add or remove gas is considerably different 
for each gas. For 0 2 , the partial pressure climbs from 40 mm Hg in the venous blood to 
100 mm Hg in the arterial blood (a difference of 60 mm Hg) to accommodate the addi¬ 
tion of 5 vol% 0 2 , For C0 2 , the partial pressure of venous blood must increase by only 
6 mm Hg in order to accommodate 5 voI% C0 2 in the tissue. 

These pressure differences produce both advantages and disadvantages. The ad¬ 
vantage is that large amounts of C0 2 can be readily removed from the lung by simply in¬ 
creasing ventilation by a small amount. Similarly, small increases in the PC0 2 of the ve- 


39 






Pco 2 or Po 2 ( mm Hg * 


Figure 1.26— Schematic of the neural activity 
recorded from the diaphragm illustrating the 
inspiratory and expiratory components of the 
breathing cycle. 


Diaphragm electromyagram 
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nous blood can accommodate large amounts of C0 2 production in the tissue capillary 
which comes into play, for example, during exercise. 

Oxygen uptake, on the other hand, is limited in the lung because further increases 
in partial pressure beyond 100 mm Hg add very little to the 0 2 content of the arterial 
blood. The shape of the 0 2 content curve becomes very flat beyond 100 mm Hg, indicating 
that the hemoglobin molecules are, for the most part, already saturated with 0 2 (Figure 
1.24). The 100% saturation actually occurs at a Po 2 of 150 mm Hg. However, for practical 
purposes the curve becomes fairly flat long before this. In terms of 0 2 unloading at the tis¬ 
sue, the larger partial pressures confer an advantage because most of the 0 2 is unloaded 
while the partial pressure remains fairly high. High partial pressure facilitates the diffu¬ 
sion of 0 2 into the tissue. 

1.20 Control of Ventilation 

Ventilation is controlled by a complex set of systems that involve both voluntary control 
from the cerebral cortex as well as involuntary, or autonomic, control from the brain stem. 
Some 25 different sensory mechanisms feed into the brain stem to control ventilation. The 
primary mechanisms include both chemical and mechanical sensors that provide feed¬ 
back to the control mechanism. The ventilatory control system, like many of the body's 
control systems, is regulated primarily through negative feedback mechanisms. The respi¬ 
ratory control center in the medulla of the brainstem sends impulses to the respiratory 
muscles which produce ventilation. Sensors that respond to the mechanical movement of 
the lung and chest wall, as well as several chemical sensors that monitor the blood levels 
of 0 2 , C0 2 , and hydrogen ion, all feed information back to the respiratory control center to 
modify ventilation. In addition to the sensory systems that modify the respiratory cycle, 
the respiratory center has some of its own inherent rhythmicity. 

1.21 Ventilatory Cycle 

The ventilatory cycle can be divided into two components, an inspiratory cycle (Ti) and an 
expiratory cycle (Te). The respiratory control center in the medulla contains nerve fibers 
that fire predominantly during inspiration (inspiratory neurons) and other fibers that fire 
only during expiration (expiratory neurons). The tidal volume is a function of both the 
muscular effort or drive exerted during the breath and the length of the inspiratory cycle. 
The total cycle and its components (Ti and Te) can be observed by recording the neural 
impulses from the phrenic nerve, which innervates the diaphragm (Figure 1.26). 

1.22 Chemical and Mechanical Receptors 

Ventilatory control is normally influenced by both chemical (for example, pH, Po 2 , PCO,) 
and mechanical factors (for example, lung volume, muscle tension in the chest wall and 
diaphragm). 

Two sets of chemoreceptors influence the ventilatory cycle, the central chemore- 
ceptors and the peripheral chemoreceptors. The central chemoreceptors reside on the ven¬ 
trolateral surface of the medulla and are sensitive only to changes in the pH of the cerebral 
spinal fluid (CSF) in which they are bathed. Normally, hydrogen ions (H + ) and bicarb¬ 
onate ions (HC0 3 ‘) in the blood do not reach these receptors because of the blood brain 
barrier. However, C0 2 from the blood readily diffuses across the barrier and into the CSF, indi- 
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Figure 1.27— Location of the central and peripheral 
chemo-receptors. 




rectly stimulating the receptor via the following reaction: 


co 2 + H z O —> h 2 co 3 —>H + + HC0 3 " 


The hydrogen ion produced in this reaction stimulates the central chemorecep- 
tors, which in turn affect the medullary respiratory center, causing an increase in both 
tidal volume and breathing frequency. Normally, the cerebral spinal fluid has a pH of 
about 7.32 which is slightly more acidic than the normal blood pH of 7.40. The cerebral 
spinal fluid has fewer protein buffers than blood, therefore, small changes in C0 2 diffus¬ 
ing from the blood into the cerebral spinal fluid cause greater changes in pH, which acts as 
an amplification system. The peripheral chemoreceptors are sensitive to low O z tension, 
high P a CO,, and increased hydrogen concentration. Of these variables, low O z tension is 
the most important factor. These receptors are called the carotid and aortic bodies and are 
located in the arterial system at the bifurcation of the common carotid artery and at the 
level of the aortic arch (Figure 1.27). Peripheral chemoreceptors influence the respiratory 
center by changing tidal volume or respiratory drive, rather than by changing respiratory 
rate. The partial pressure of 0 2 in the arterial blood is sensed by the receptors. However, 
the receptor shows little activity until the 0 2 tension has dropped below 60 mm Hg (Fig¬ 
ure 1.28). This result correlates with the oxyhemoglobin curve because, below an 0 2 ten¬ 
sion of 60 mm Hg, the hemoglobin molecule begins to desaturate. It is also the partial 
pressure below which insurance companies will reimburse for 0 2 therapy. Thus, it has 
both physiologic significance as well as financial implications. 






Figure 1.29— Schematic illustrating the impact of 
the gas laws on pulmonary physiology. 


1. Dalton's law: Concentration plus 
partial pressure of gases we breath 


5. Poiseuille's law: 
Airflow resistance 



2. Boyle's law: Accounts for 
movement of gas in and 
out of the lung 

3. Charles' law: Effect of 
temperature on the gas as it 
is warmed or cooled 

4. Water vapor pressure 




6. Fick's law: 

Diffusion of gases 

Henry's law: 
Solubility of 
gas in blood 

Graham's law: 

Rate of diffusion 
inversely proportional 
to molecular weight 


7. Gay-Lussac's law: 
Effect of temperature 
on gas pressure as 
blood sample is 
warmed or cooled 
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The lung has three types of mechanoreceptors that send information back to the 
respiratory control center to help regulate tidal volume and frequency as well as initiate 
several important pulmonary reflexes. These include pulmonary stretch receptors, irritant 
receptors, and juxtacapillary receptors. 

Pulmonary stretch receptors are located throughout the lung, in the smooth 
muscle of the conducting airways, and probably in the periphery of the lung dose to the 
gas exchange region. These receptors are sensitive to stretch as the result of changes in 
lung volume or pressure. Their firing frequency increases in response to stretch and exhib¬ 
its a continuous discharge proportional to the amount of volume contained in the FRC. 
Stimulation of the mechanoreceptor alters the breathing pattern in several different ways: 

■ During tidal breathing, as lung volume increases, stimulation of the receptor (once the 
stimulus is transmitted to the respiratory control center) causes reflex inhibition that 
terminates the tidal breath. 

■ The continuous discharge at static lung volumes (FRC) helps to delay the onset of the 
next inspiration, thus prolonging the expiratory phase. This reflex is called the Hering- 
Breuer reflex, described as prolongation of the respiratory cycle produced by main¬ 
taining lung inflation. 

■ The pulmonary stretch receptors are also responsible for the deflation reflex — a de¬ 
crease in lung volume causing a decrease in stretch receptor activity, thus removing 
the inhibitory action of the pulmonary stretch receptors and causing the next inspira¬ 
tion to occur. Deflation of the lung also stimulates inspiratory efforts. 

Irritant receptors are primarily located in the upper airways and in the region of 
the carina. These receptors respond to changes in lung volume (AV) during inspiration 
and expiration. They do not respond to static lung volumes. They are called irritant recep¬ 
tors because they respond to inhaled particles (for example, dust and smoke) and to 
chemical irritants (for example, ammonia and sulfur dioxide), resulting in the initiation of 
the cough reflex. Stimulation of the irritant receptor also causes an increase in ventilation 
by affecting the drive component and probably also affects the breathing rate. Finally, the 
irritant receptors initiate bronchoconstriction, a mechanism that would presumably nar¬ 
row airways to increase the velocity of air expulsion during cough. They may, however, 
have a negative role in the cause of exercise-induced asthma. 

Juxtacapillary receptors (J receptors) are located close to the pulmonary capillary. 
They respond to certain types of drug ingestion, but their main stimulus is capillary con¬ 
gestion as seen in pulmonary edema. Sensitization of the receptor causes several re¬ 
sponses which may be interpreted as physiologic adjustments to compensate for pulmo¬ 
nary congestion: stimulation of ventilation, inhibition of somatic or muscle activity, 
systemic vasodilation, and bradycardia. 

1.23 Physics of Gases 

The physiology of lung function involves numerous applications of the fundamental 
properties of gases and the physical laws that determine their behavior. These laws apply 
to the gases we breathe (warming, cooling, humidity, partial pressures), to the process of 
ventilation (compression and decompression of the gases), to the distribution of the gases 



through the lung (pressures required to produce flow), to the resistances encountered 
during flow, and to the diffusion of gases across the lung membrane and into the blood. 
Figure 1.29 presents a brief summary of the applications related to pulmonary physiology. 

1.24 Kinetic Theory of Gases 

Four statements comprise the kinetic theory of gases: 

■ A gas that occupies a space is not continuous, but rather consists of an enormous 
number of discrete particles or molecules that have mass. According to Avogadro's 
law (see below) any gas at standard temperature and pressure contains 6.023 x 10 23 
molecules and occupies 22.4 liters or 6.023 x 10 23 / 22.4 liters = 26 x 10’Vcc = 
26,000,000,000,000,000,000 molecules/cc. 

■ Gas molecules are in constant motion. Because they move and have mass, they have 
kinetic energy (E = 1 /2 Mv 2 ). 

■ Gas molecules continually collide with one another. They rebound from these colli¬ 
sions without loss of energy, and are, therefore, called elastic collisions. Gas molecules 
do not attract each other: i.e., there are no van der Waals forces or cohesive forces be¬ 
tween gas molecules. 

■ Gas particles have kinetic energy that, when added together, form pressure. At a 
given temperature, the product 1/2 Mv 2 = E is the same for all gases. 

For gases that have the same concentration or same number of particles in a con¬ 
tainer, the pressure will be identical regardless of the type of gas if the temperature re¬ 
mains the same. This also means that, for a given temperature, the particles of a lighter gas 
must travel faster in order for the kinetic energy to be the same. 

1.25 Avogadro’s Law 

Equal volumes of gases at the same temperature and pressure contain the same number of 
molecules. Or, conversely, at constant temperature and pressure equal numbers of mol¬ 
ecules of all gases occupy the same volume. 

The weights of all molecules corresponding to their molecular weights or gram 
atomic weights contain the same number of particles: 6.023 x 10 23 . This is known as 
Avogadro's number. 

At standard temperature and pressure, one gram molecular weight of a gas con¬ 
tains 6.023 x 10 26 molecules and occupies 22.4 liters. 

1.26 Generai Gas Law 

The general gas law (sometimes also referred to as the ideal gas law) states the relation¬ 
ship between temperature pressure and volume for a gas. 
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where 


PV = nRT Equation 1.11 

n = mass or number of gas molecules 
R = gas constant that varies depending on 

the units of measure selected. 

T = absolute temperature 

P = pressure 

V = volume. 


In pulmonary physiology, the applications of the general gas law do not involve 
changing the gas constant nor the mass of the gas under consideration. 

As a result, the above equation can be expressed as: 

PV 

= nR Equation 1.12 


where (nR) is now considered a constant. 

P v P V 

—l—i = nR = — 2—2 Equation 1.13 

T T 

1 2 

Equation 1.13 is frequently used as a working equation to determine how a gas 
sample under a set of initial conditions for temperature pressure and volume will change 
when exposed to a new set of conditions. In actuality, the initial relationships were de¬ 
rived by holding one of the three variables constant and determining the relationship 
between the other two. 

The following three gas laws may be derived simply by selecting one of the vari¬ 
ables as a constant. 


1.26.1 Boyle’s Law 

When temperature is held constant, the volume of a gas varies inversely with the pres¬ 
sure. 


For temperature constant: 

P V 

ii 

= (nRT) "constant" 

Equation 1.14 

where 

P V 

ii 

= (nRT) = P 2 V 2 



V, 

= ^i 



This relationship accounts for the movement of gases in and out of the lung. Dur¬ 
ing inspiration, expansion of the thorax causes the pressure inside the lung to decrease, 
resulting in movement of gas into the lung. During expiration, compression of the gas in 
the lung causes the pressure to increase above atmospheric and gas then flows out of the 
lung. 

An interesting result of Boyle's law is the effect that underwater depths have on 
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the lung volumes. Table 1.1 illustrates the lung volumes that would result from diving to 
certain depths while holding one's breath. The critical observation for scuba divers is that 
the lung volume doubles in ascending from 33 feet to the surface. It is, therefore, essential 
that the diver continue to exhale slowly while ascending. 


Table 1.1—Lung volumes at certain depths of water. 


Surface 

P 2 

v 2 

P V 

1 1 v i 

= Constant 

P 2 

Oft. 

1 ATM 

12 qts. 

1 x 12 = 12 

v 2 = l/l (12) 

33 ft. 

2 ATM 

6 qts. 

2x6 = 12 

V 2 = 1/2 (12) 

66 ft. 

3 ATM 

4 qts. 

3x4 = 12 

V 2 = 1/3 (12) 

99 ft. 

4 ATM 

3 qts. 

4x3 = 12 

V, = 1 /4 (12) 

132 ft. 

5 ATM 

2.4 qts. 

5 x 2.4 = 12 

V, = 1/5 (12) 


1.26.2 Charles’ Law 

When pressure is held constant, the volume of a gas is directly proportional to the tem¬ 
perature. 


For pressure constant: 

PV, 

= nRT, or 

i T 

1 

= — "constant" 

P 

Equation 1.15 


V 

ii 

l 

k 




T 1 

t 

p t; 




v 2 

= YT, 

T. 




Charles' law is frequently used during pulmonary function testing where lung 
volumes are measured at room temperature and then converted to the lung volume that 
exists at body temperature. For example, when breathing air in the arctic, if the outside 
temperature is 50° F below zero (temperatures encountered during the Iditerod trail run), 
the air warmed to body temperature would undergo approximately a 50% increase in vol¬ 
ume. 

1.26.3 Gay-Lussac’s Law 

When volume is held constant, the pressure exerted by a gas varies directly with the abso¬ 
lute temperature. 


Volume Constant: 

VP, 

= nRT, 

P 

or —i 
T 

i 

- JlE_ "constant" 

V 

Equation 1.16 


P 

nR _ 

£, 




T 1 

1 

V 

t ; 
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This law has applications during the measurement of blood gases in the labora¬ 
tory setting. Blood samples are customarily transported on ice at approximately 0 degrees 
centigrade. The blood sample is injected into a machine that warms the blood to body 
temperature and measures the partial pressures of the gases (0 2 and C0 2 ) in the blood. As 
the sample gradually warms, the pressures exerted by the gases in the sample also in¬ 
crease. 

1.27 Dalton’s Law of Partial Pressures 

The total pressure exerted by a mixture of gases equals the sum of the partial pressure of 
the constituent gases. The partial pressure of each gas in the mixture is the pressure each 
gas would exert if it alone occupied the volume. 

V p = V (Pj + P 2 + P 3 + .... + P n ) Equation 1.17 

P T , . = (P. + P, + P, + + P ) 

Total v 1 2 3 rr 

Therefore, each gas in a mixture contributes its share of the total pressure of the 
mixture in proportion to its percentage or concentration in the mixture. 

Dalton's law of partial pressures has tremendous clinical applications because the 
pressures exerted by certain gases can be altered by changing the concentration of the gas. 
Specifically, patients often receive higher concentrations of 0 2 to breath because this in¬ 
creases the partial pressure of 0 2 in the lung. This, in turn, facilitates the movement of 0 2 
into the pulmonary blood and increases the total amount of 0 2 carried to the tissue. 

Water Vapor: Water exists primarily as a liquid at room temperature. However, 
water molecules are constantly escaping from the surface of the water to form water va¬ 
por. As these molecules escape, they also begin to exert a partial pressure. The rate at 
which the molecules escape is a function of temperature. Water continues to evaporate 
until the rate of leaving equals the rate of return. This equilibrium point is a function of the 
temperature alone. Therefore, temperature determines the partial pressure of water in a 
gaseous mixture. 

1.28 Diffusion 

Several laws influence the rate at which gases move from the alveolar gas space and into 
the blood space, including Henry's law, Graham's law, and Fick's law. 

1.28.1 Henry’s Law 

The quantity of gas that dissolves in a liquid is proportional to partial pressure and solu¬ 
bility: 

■ The quantity of gas that dissolves increases in a linear fashion with partial pressure 
(provided that the gas does not react with the solvent). 
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■ The quantity of gas dissolved is related to partial pressure by the solubility coefficient 
(solubility is inversely related to temperature). 

Solubility of gases in liquids is generally reported in volumes percent or the 
amount of a gas in milliliters that is dissolved in 100 milliliters of solvent. 

y 0 j% _ volume of a gas in mis 
100 mis of solvent 


The solubility coefficient of O, in whole blood is calculated from the Busen solubil¬ 
ity coefficient: 

Solubility of O, in blood = .023 mis of O, dissolves in each ml of 

plasma for every 760 mm Hg pressure. 

Converting to the more generally accepted units of vol%: 

Solubility of O, in blood = .003 mis of O,/100 mis blood /I mm Hg 

The amount of O, that dissolves in blood at any partial pressure is then: 

VoT7c = PO, x.003 


The solubility of coefficient of CO, in whole blood can be similarly reported: 

Solubility of CO, in blood = 0.47 mis of CO, dissolves in each ml 

of blood for every 760 mm Hg. 

Converting to units of vol%: 

Solubility of CO, in blood = 0.67 vol% for each mm Hg 

(as can be seen by comparison of their 
respective solubilities, CO, is much more 
soluble in blood than O,). 


In the laboratory, dissolved CO, is often reported as millimoles (mM)/liter of 
plasma, or 

Solubility of CO, in mM/1 = PCO, x 0.03 

The mM/liter can be converted to vol% bv multiplying by 2.23, (or mM/liter = vol% / 
2.23). 


See Table 1.2 for the solubilities of other gases in blood or plasma. 
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Table 1.2—Solubility Coefficients of Gases at 38° C 



SOLVENT 

Gas 

Water 

Plasma 

Red Cell 

Blood* 

h 2 

0.0162 

0.0153 

0.0145 

0.0149 

He 

0.00085 

- 

- 

0.0087 

n 2 

0.0127 

0.0117 

0.0146 

0.0130 

o 2 

0.0232 

0.0209 

0.0261 

0.0230 

CO 

0.01816 

- 

- 

- 

co 2 

0.545 

0.510 

0.44 

0.47 


* Assuming a hematocrit of 45% with 0 2 capacity of 20 vol% 


1.28.2 Graham’s Law 

The relative rates of diffusion of gases (under the same conditions) are inversely propor¬ 
tional to the square roots of the molecular weights (MW). 

V is proportional to --- 

square root of MW 

Graham's law may be considered as an application of the kinetic theory of gases: 
for diffusion of gases within a gaseous medium at a given temperature, smaller particles 
move faster, collide more frequently and diffuse faster. 

Table 1.3 presents a comparison of relative rates of diffusion based on Graham's 

law. 


Table 1.3—The rate of a gas varies inversely as the square roots 
of their molecular weights at similar temperatures and pressures. 


Gas 

Molecular Weight 

Hydrogen 

2.01 

Helium 

4.00 

Nitrogen 

28.01 

Ethylene 

28.04 

Oxygen 

32.00 

Carbon Dioxide 

44.01 

Nitrous Oxide 

44.01 


1.28.3 Fick’s Law 

Fick's law combines a number of factors, including the properties of both Henry's law and 
Graham's law, to describe the transfer of gases across biologic membranes such as tissue 
capillaries and the alveolar capillary membrane (Figure 1.30). 
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Figure 1.30— Diffusion through a tissue sheet. 
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Fick's law: 

Rate of transfer of a gas (Vgas) 


AD(P ,-PJ 

t 


Equation 1.18 


where 


A 

D 

(P, - P 2 ) 

t 


cross-sectional area of the membrane 
across which the diffusion occurs, 
diffusion coefficient is proportional to 
the solubility and inversely proportional to 
the square root of the molecular weight, 
pressure gradient across the membrane 
thickness of the membrane. 


Poiseuille’s Law 

Poiseuille's law describes the relation between pressure, flow, and resistance for fluids 
and gases. It is the fluidic analogue of Ohm's law. 

E = I x R or I = E/R 

p = Vx R or Row = P/R 

Poiseuille's law: How = ^-i—Equation 1.19 

81n 
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where 


or 


(P, - P 2 ) = the pressure gradient across the tube 

1 _ TTl 4 

R 8 1 n 
R = Mn 

-n-r 4 


Poiseuille's law only applies to conditions of laminar flow. For the conditions of 
turbulent flow, the pressure required to produce the same amount of flow increases in 
proportion to a constant times the flow of the gas squared. For gas flow in the lung, which 
is a combination of both laminar and turbulent conditions, the pressure required to pro¬ 
duce flow can be expressed as (Figure 1.31): 

P = KjV+ K.V 2 Equation 1.20 

where K = constant 

V = flow. 

Poiseuille's law has a number of applications in pulmonary physiology: 

■ Measurement of airflow resistance has applications to the clinical setting with patients 
on mechanical ventilators (Section 1.11). In addition, airflow resistance can be mea¬ 
sured noninvasively in the body with a plethysmograph by determining the pressure 
difference between the mouth pressure and the alveolar pressure. 

■ Many flow transducers which are a part of a number of medical monitoring devices 
apply Poiseuille's law. They measure flow by determining the pressure difference 
across a fixed resistance. The airway response to drug therapy (bronchodilator drugs) 
can be roughly measured using a peak flow meter. This device works in a similar 
fashion to the flow transducer. A fixed resistor is placed in the tube and moves accord¬ 
ing to the pressure difference created by the flow. The pressure difference across the 
tube moves the resistor in proportion to the flow through the tube. 

■ Air flow is distributed in the lung according to several mechanisms that control air¬ 
way caliber including neural control (sympathetic and parasympathetic innervation), 
reflexes, humoral substances, and dilation in response to airway C0 2 . These mecha¬ 
nisms control local ventilation very much in the same fashion as smooth muscle bands 
control capillary circulation through the precapillary sphincters. 

■ Obstructive lung disorders are characterized by changes in the flow properties of the 
airways. Frequently, these changes result from alterations in the dimensions or resis¬ 
tance characteristic of the airway. 
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2.0 AIRWAY MONITORING OF ADULT, 

_ PEDIATRIC, AND NEONATAL PATIENTS 

Many health care workers including respiratory care practitioners, cardiopulmonary tech¬ 
nologists and technicians, physicians, and nurses work with respiratory mechanical con¬ 
cepts every day. Parameters such as volume, flow, and pressure are used to quantitatively 
classify the mechanical status of the patient's airways and lungs. This section presents and 
discusses the information obtained from noninvasive monitoring of the airway of adult, 
pediatric, or neonatal patients. Each subsection describes the devices used to measure the 
basic physiologic parameters and describes their principles of operation as well as some 
clinical considerations. 

Separate issues such as standards of performance, calibration requirements, 
infection control procedures, and specifications for adult, pediatric, and neonatal de¬ 
vices are beyond the scope of this section. The American Association of Respiratory Care 
and the American Thoracic Society have published recommendations and guidelines and 
developed measurement standards for respiratory and pulmonary function devices. Man¬ 
agers of respiratory therapy and pulmonary laboratories are familiar with these standards 
and practices and can refer the reader to appropriate documentation for further 
information. 

2.1 Volume Monitoring 

Respiratory volumes are usually measured and expressed in liters. One liter equals 1.06 
quarts. Smaller volumes are expressed in milliliters. One liter contains 1,000 milliliters. 
Prior to the introduction of the third generation of mechanical ventilators, the graphic rep¬ 
resentation of volume was not available as an analog output, but as a mechanical output as 
exemplified by the following devices (which are still in use today). Modern pulmonary 
function systems and ventilators now present volume measurement related to flow, pres¬ 
sure, and time. Flow-volume, pressure-volume, and volume-time relationships (loops) 
help relate pathophysiology to normal standards for diagnosis and differentiation of 
pulmonary diseases and disorders. Refer to the Section 8.0 for references. 


2.1.1 Mechanical Air-Turbine Meter 

A rotating vane spirometer, such as the Wright Respirometer™, uses a flat two-bladed 
rotor, or vane, runningin jeweled bearings. As gas enters the turbine meter, a series of slots 
directs the air flow to the vane. The vane is connected to the hands of a dial through a 
watch-type movement containing a series of gears. The vane rotates unidirectionally as 
the volume registers on the face of a dial calibrated in liters (Figure 2.1). 

Clinical considerations: Generally used as a portable unit, the mechanical air tur¬ 
bine meter has some inherent limitations. It has a resistance to flow of 2 cm of water (H z O) 
because 2 to 3 liters per minute (LPM) of airflow are required to turn the vanes. The resis¬ 
tance to flow before the vanes begin to turn can be considered as a measure of sensitivity. 
A turbine meter of high sensitivity would have a low resistance to flow. Similarly, a device 
of low sensitivity would have a high resistance to flow. Because of the nonlinear response 
to flow, this measurement is affected considerably by the waveform of the gas flowing 
through it. Therefore, a short, sharp breath will give a higher reading than a long, slow 
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Figure 2.2— The electronic air turbine meter 
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breath of equal volume. The mechanical air turbine meter also has a deadspace of 22 mil¬ 
liliters and a maximum flow of 300 LPM. Flows in excess of 300 LPM, as observed while 
performing a forced expiratory volume (FEV) maneuver, will permanently damage the 
vanes. Due to the large deadspace and low sensitivity, this device is unsuitable for neo¬ 
nates and small children. The turbine meter remains adequate for routine volume screen¬ 
ing in adults, as long as its limitations are understood. 

2.1.2 Electronic Air-Turbine Meter 

This device, represented by the Wright Magtrak™, is the electronic version of the turbine 
meter. The upper gear train and dials have been replaced with an encapsulated circuit 
board and Hall Effect element. Magnetism is used as a transducer and electronic pulses 
are transmitted as the vane rotates. The pulses are interpreted and relayed to the hand¬ 
held unit that displays tidal volume, minute volume, and breaths per minute (Figure 2.2). 

Clinical considerations: The accuracy, sensitivity, resistance to flow, and 
deadspace are identical to the mechanical air turbine meter. Turbines using titanium 
vanes for the maximum flow can be extended to 700 LPM. Because the hand-held display 
unit contains microprocessors, information is easier to obtain than with the mechanical 
meter. 

2.2 Flow Monitoring 

Flow is generally defined as a volume transferred per unit of time. It is expressed as liters 
per second (1/sec). As with small volumes, small flows can be expressed in milliliters per 
second (ml/sec) or milliliters per minute (ml/min). Flow measurement, as well as pres¬ 
sure and volume measurement, usually occurs in the circuit of the ventilator in the in¬ 
spiratory limb, in the expiratory limb, or in both limbs. 

2.2.1 Ultrasonic Sensing of Vortices 

One of the more interesting flow detection methods involves the creation of vortices. A 
vortex forms when a partial obstruction, such as a wedge or strut, is placed in the stream 
of gas flowing through a tube. The resulting turbulents vibrate from side to side along the 
length of the tube. The greater the velocity of the air stream, the faster the vibrations in the 
tube. The wedge is designed to generate one beat (vortex) for each milliliter of gas that 
passes through the tube (Figure 2.3). 

The vortices, or turbulents, are sensed by an ultrasonic beam placed perpendicular 
to the direction of gas flow. An electronically-powered crystal transducer sends the ultra¬ 
sonic beam across the tube to a receiver. The created vortices intermittently change the 
strength of the ultrasonic beam. The receiver converts the changes, or counts, into an elec¬ 
tronic signal directly proportional to flow. Tidal volume and minute volume can be calcu¬ 
lated from the flow rate. 

Clinical considerations: The location and number of vortices is unaffected by the 
composition, density, temperature, or humidity of the gas. With continued use in high 
humidity environments, the flow transducer has a tendency to accumulate condensed 
water on the transmitter and receiver domes. This water acts as an obstruction to the 
transmitter/receiver signal and can cause erratic or incorrect volume readings. 
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The major disadvantage of this type of flow sensor is that it has a minimum flow 
sensing threshold of 5 LPM which makes it unsuitable for neonatal measurements. In ad¬ 
dition, it senses flow bidirectionally and, therefore, does not work in some environments 
unless a one-way valve is placed in-line. 

Examples of equipment that use the ultrasonic vortex principle are the Bourns 
LS-75® and its successor, the VM-90, the Bourns LS-80®, and the Bear® I, II, III, and V 
ventilators. 

2.2.2 Hot-Wire Anemometer 

Anemometry (from Greek, "wind measure") first described by Utenick and used by 
Godal, is based on the fact that a heated filament exposed to a flow of gas will lose heat. 1,2 
The rate of heat loss varies with the velocity of the gas. The anemometer, as exemplified 
by the sensor of the Bear Neonatal Volume Monitor (NVM-1)®, has two filaments, one 
cold and one hot. 3 The filaments are usually platinum because this metal does not react 
with many chemicals. The cold filament measures the gas temperature and regulates a 
current through the hot filament. That current regulates the heating of the hot filament so 
that a constant temperature difference is maintained between the two filaments by the 
current (Figure 2.4). 

As the gas flow enters the tube, the hot filament, typically at 50 degrees centi¬ 
grade, cools. The heating current increases to maintain the temperature difference. The 
increase in the current is proportional to the flow of the gas through the tube. The signal 
can be integrated to calculate the inspired tidal volume, expired tidal volume, and % tube 
leakage. 

Clinical considerations: Anemometry has some advantages over pneumo- 
tachography in that it is not significantly affected by low or high flow rates. Very high flow 
rates, however, will create turbulents that disturb the results. The major advantage of this 
particular device is that it can be used with neonates. It has a deadspace of only four 
cubic centimeters and a flow range of between 0.15 to 21 LPM. The major disadvantage of 
anemometry is that, since it lies in the mainstream of the airway and is usually placed as 
close to the patient "Y" as possible, it may become partially obstructed with mucus. When 
mucus adheres to the wire filament, false flow readings may occur. As with the ultrasonic- 
vortex type of flow sensor, the hot wire anemometer can be inaccurate in high humidity 
environments. An adult ventilator called the Bear 1000, currently under development, 
uses the adult version of the hot wire anemometer to determine expiratory flow rate. 


2.2.3 Hot-Film Anemometer 

An example of the hot film anemometer is the flow sensor of the Puritan Bennett 7200® 
series microprocessor ventilators. Although similar flow transducers measure flow 
through the 0 2 and air solenoids, the exhalation flow transducer is of particular interest in 
this unit. All hot film flow transducers measure the cooling effect of the gas on a heated 
(200 degrees centigrade) platinum-coated quartz rod that constitutes one side of a resis¬ 
tance bridge circuit. As gas flows across the hot film and cools it, the bridge circuit main¬ 
tains a constant electrical current by varying the voltage. The voltage is proportional to the 
flow rate of the gas passing through the transducer. These flow transducers respond over 
a flow range of 0 to 160 LPM (Figure 2.5). 


61 





Because the gas flowing through the flow transducers can differ in temperature, 
thermistors are mounted on each transducer. Thermistor voltage changes are proportional 
to the flow rate of the gas passing through the transducer. 

Clinical considerations: The hot film anemometer is not as susceptible to flow 
inaccuracies caused by the expansion and contraction of a metal wire. The addition of 
temperature compensation to the flow calculations results in a very accurate flow moni¬ 
toring device. Since the expiratory flow sensor is incorporated in the ventilator located a 
significant distance from the patient connection, some degradation of the actual flow 
waveform can occur. 

2.3 Pressure Monitoring 

Pressure is usually defined as a force per unit of area. Force is expressed in the same units 
as weight, such as pound (lb). Area may be expressed in units such as square feet (ft 2 ) or 
square inches (in 2 ). Therefore, pressure may be expressed as pounds per square inch 
(lbs/in 2 ) or, more commonly, PSI. Pressure may also be expressed as millimeters of mer¬ 
cury (mm Hg) or centimeters of water (cm H 2 0). These units of length refer to the height 
to which a column of Hg or H 2 0 would rise in a close-ended tube under vacuum. Mer¬ 
cury rises under standard atmospheric conditions, temperature, and gravity to a height of 
760 millimeters (torr). Mercury is 13.6 times as heavy as an equal volume of H 2 0, so under 
the same conditions, H z O would rise to a height of 13.6 x 760 mm, or 10,336 mm of H 2 0 or 
33.9 feet. Occasionally, conversions are necessary. A good conversion to remember is: 
1 mm Hg = 1.36 cm H 2 0. 4 

By measuring the pressure difference across a known resistance during gas move¬ 
ment, flow rates can be calculated and displayed. The Pitot tube, an older device, consists 
of a tube with a short right-angled bend that orients vertically in the stream of a gas such 
that the mouth of the bent tube is directed upstream. The Pitot tube is used with a ma¬ 
nometer to measure the velocity of the fluid or gas. The more modern 
pneumotachometers, with screen or heated meshes, are sensitive to gas density and inter¬ 
nal pressures. 5 Therefore, they are most accurate with a constant gas composition and in¬ 
ternal reference pressure (usually atmospheric) against which they have been calibrated. 
When used under changing internal pressures and gas compositions, as encountered 
when using mechanical ventilators, their absolute accuracy may be only ±10%. The signal 
produced by these units is proportional to flow and can be electronically manipulated (in¬ 
tegrated) to provide another signal that is proportional to volume. Remember that a trans¬ 
ducer, by definition, is a device that is activated by power from one system and supplies 
power in another form to a second system. An example would be flow "transducing" a 
pressure. 

2.3.1 Fleisch Pneumotachograph 

The Fleisch pneumotachograph consists of a tube with a fixed obstruction, a capillary 
mesh that produces a slight pressure drop as a flow of gas passes through the device. The 
pressure created before the mesh (P,) and after the mesh (P 2 ) is transmitted to a differential 
pressure transducer, giving rise to an analog electrical signal proportional to the difference 
in pressure between P, and P 2 . The purpose of the cone shape, the screen, and the mesh is 
to generate a flow pattern that is as laminar as possible since a turbulent flow creates an 
artificially high pressure differential. 6 The heater heats the mesh so that H 2 0 vapor does 
not condense on it (Figure 2.6). 
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Clinical considerations: The Fleisch pneumotachograph is used to continuously 
monitor volume, flow, and breathing rates of patients on mechanical ventilators. Since it is 
sensitive to obstructions, it should not be placed in contact with moisture or secretions 
from the patient. Its relatively large size and weight can become another drawback during 
patient monitoring. 

2.3.2 Variable Orifice, Flexible 
Obstruction Transducer 

This class of transducers is characterized by an obstruction to flow that deforms, bends, or 
flexes in response to the gas flow through the device. The various configurations of the 
flexible obstruction attempt to manufacture a device that produces as linear a flow as pos¬ 
sible throughout the full flow range of the transducer. 

2.3.3 VarFlex Flow Transducer 

The VarFlex'” flow transducer, as incorporated in the CP-100 Pulmonary Monitor manu¬ 
factured by Bicore Monitoring Systems, is a precision light-weight, bidirectional device 
that fits within the ventilator circuit. At the core of the device is a wafer-thin austenitic 
stainless steel "window" with exceptional bending fatigue strength. Due to the unique 
design of this window, the VarFlex flow transducer is not affected by moisture or respira¬ 
tory secretions and requires no maintenance, adjustment, or calibration (Figure 2.7). 

As gas flows through the transducer, the variable area obstruction window, cre¬ 
ated by three leaves, deflects in proportion to the gas flow. Because of the shape and loca¬ 
tion of the leaves, the difference in pressure across the obstruction changes almost linearly 
with the change in the gas flow rate. The leaves are configured so that they will not inter¬ 
fere with the gas flow. 

Clinical considerations: According to the manufacturer, the flow transducer is 
designed so that the inner walls and leaves are insulated from the ambient temperature. 
Therefore, condensation does not occur and will not interfere with the accuracy of this 
unit. The deadspace of 8.6 milliliters in the adult and pediatric units is not acceptable for 
use in infant and neonatal populations. Infant sensors are presently under development. 

2.3.4 Accutach Flow Transducer 

The Accutach 1 ” flow transducer, formerly used with the now obsolete Critikon respiratory 
monitor, is currently used in the Hamilton adult ventilator. This transducer, manufac¬ 
tured by Carlsbad International, is another precision bidirectional, reusable device de¬ 
signed to be placed between the patient connection and the "Y" of the ventilator circuit. 
The transducer housing contains a thin mylar membrane with a specific design to func¬ 
tion as a variable obstruction. The low adherence and high resilience properties of mylar 
make it optimal for this usage (Figure 2.8). 

Clinical considerations: The internal deadspace of the flow transducer is 9 milli¬ 
liters. This small amount of rebreathed volume will not adversely affect most adult and 
pediatric patients, but is not acceptable for infants or neonates. Another important aspect 
of the Accutach flow transducer is that the sensor must be placed so that the pressure 
sensing tubes are in the vertical (upright) position. If they are in the dependent position, 
moisture tends to accumulate in them, thus decreasing the accuracy of the device. 
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2.3.5 Bird Flow Transducer 

The Bird 15 flow transducer is similar in construction to the VarFlex and Accutach devices, 
except that the variable area obstruction membrane is a nonporous, nonadhesive space 
age material called Sandvic' M . According to the manufacturer, the material has a high ten¬ 
sile strength and an ability to survive multiple flexes for a repeatable resistance to flow 
and a long life. The window cut into the membrane resembles a flap, but functions like a 
variable obstruction in the face of variable flows. Wire "cross hairs" are designed to pre¬ 
vent the insertion of cleaning tools that could permanently damage the membrane (Figure 
2.9). 

Clinical considerations: The Bird flow transducer is currently incorporated into 
the Bird® 6400 and 8400 adult ventilators, the VIP infant ventilator, and the Partner™ vol¬ 
ume monitor. The Bird Company has released an adult and a pediatric version of the flow 
transducer — both using the same differential pressure transducer. The flow range for the 
adult transducer is 4 - 250 LPM; and 2 -120 LPM for the pediatric transducer. The infant 
sensor, currently under development, will have a flow range of 0.2 - 20 LPM. The micro¬ 
processor is able to distinguish the different types of flow transducers as well as their cali¬ 
bration characteristics by optically reading the holes punched in the connector. 

2.4 Oxygen Analysis/Monitoring 

It is extremely important to determine the 0 2 concentration being delivered by the various 
mechanical devices used to support a patient in respiratory difficulty. Most of the 0 2 ana¬ 
lyzer/monitors are placed on the inspiratory limb of the ventilator circuit and before the 
humidifier, if possible, so that the effect of humidity is minimized. The following discus¬ 
sion addresses the more commonly used 0 2 analyzer/monitors. As a side note, the differ¬ 
ence between an 0 2 analyzer and an 0 2 monitor is the monitor has the high and low alarm 
limits built into the unit, whereas the analyzer has no alarms. 

2.4.1 Static Paramagnetic Analyzer 

Oxygen is unique among gases because it is paramagnetic, which means it is attracted by 
a magnetic field. Most other gases are diamagnetic, meaning they are repelled or unaf¬ 
fected by a magnetic field. Once in the presence of the magnetic field, 0 2 molecules be¬ 
come like small magnets and intensify the strength of the magnetic field, a phenomenon 
known as Pauling's principle. As exemplified by the Beckman D-2, the paramagnetic ana¬ 
lyzer internally contains two small nitrogen-filled spheres assembled to resemble a dumb¬ 
bell suspended on a taunt, durable quartz fiber between the poles of two nonuniform per¬ 
manent magnets. The intensity of the two magnetic fields is different so that there is al¬ 
ready some torque on the quartz fiber (Figure 2.10). 

Through intermittent sampling, which is technically an invasive procedure, the 
aspirated gas is dried by passing through silica gel before reaching the measuring area. 
Oxygen entering the analysis cell increases the torque and, therefore, the rotation of the 
dumbbell. Attached to the quartz fiber and dumbbell element is a mirror. A light beam, 
projected onto the mirror, is reflected to a translucent graded scale. 

Clinical considerations: The invasive, intermittent sampling technique results in a 
prolonged response time. Due to the fragile components used in its construction and be¬ 
cause changes in barometric pressure, humidity, extreme temperatures, and variable gas 
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Figure 2.8— Accutach flow transducer. 
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Figure 2.10— The static paramagnetic oxygen 
analyzer. 



68 




Spacelabs Medical: RESPIRATION 

^ * . 


flow rates can contribute to inaccurate results, this particular analyzer is rarely used in 
patient care. 

2.4.2 Dynamic or Magneto-Acoustic 
Paramagnetic Analyzer 

Although technically an invasive device, the 0 2 analyzer in the Datex AGM-13 
Capnomac™ is a modern adaptation of the paramagnetic principle. Two gases, the gas to 
be measured and the reference gas (usually room air), are drawn at a rate of 200 ml/min. 
into the gap between the poles of a strong electromagnetic field. As the current to the elec¬ 
tromagnet switches cyclically on and off, a pressure signal proportional to the O z content 
difference between the two gases is generated. The signal is picked up with a differential 
pressure transducer (Figure 2.11). 

Clinical considerations: The principle advantages of this type of cell are the fast 
response time of 150 milli seconds or greater, the capability for breath-to-breath measure¬ 
ment, and the capability for differential analysis. 7 The cell is somewhat sensitive to 
humidity and vibration, but insensitive to light, temperature variations, patient move¬ 
ment, and poor peripheral perfusion. With the Datex product, airway 0 2 measurement 
including inspired oxygen (FiO z ), end-tidal oxygen (ETo 2 ), and oxygrams are possible. 8 
Oxygrams are the changing graphic representation of the inspired and expired 0 2 wave¬ 
forms during the respiratory cycle. According to the manufacturer, the inspired / end-tidal 
0 2 difference (Fi0 2 -ET0 2 ) is more sensitive than the end-tidal oxygen for the determination 
of hypoventilation. Because of the high sampling rate of 200 ml / min, this device is not 
suitable for use in small pediatric and neonatal patients. 

2.4.3 Thermal Conductivity Analyzer 

Oxygen molecules have the ability to carry and, therefore, dissipate heat. Using this prin¬ 
ciple of thermal conductivity, 0 2 analyzers measure the concentration of 0 2 in a gas 
sample by observing the changes in electrical resistance. Remember that the conductivity 
of a wire is proportional to the temperature of the wire. To measure the cooling effect of 
the 0 2 molecules, an electrical circuit of comparative resistances, commonly called a 
Wheatstone bridge, is used (Figure 2.12). The circuit consists of two cells. The sample cell 
(Cell 1 or Cj) and the reference cell (Cell 2 or C 2 ). 

Cell 2 is open to the atmosphere. If room air enters into Cell 1, the cooling effect in 
the two cells is identical, as is the current through ABD as compared to the current 
through ACD (Figure 2.12). If a sample of gas with a higher concentration of O z is intro¬ 
duced into C„ the cooling effect will be higher and the current will be greater with respect 
to C 2 . This potential difference, measured by the galvanometer, is proportional to the 
number of 0 2 molecules cooling the resistance wire in C r 

Clinical considerations: As with the paramagnetic O z analyzers, the thermal con¬ 
ductivity type is relatively labor intensive and, therefore, designed for intermittent sam¬ 
pling. Gas flow and H 2 0 vapor increase the cooling effect of the resistance wires and re¬ 
sult in higher readings. Additionally, other gases, such as C0 2 , have similar thermal con¬ 
ductivity properties and can interfere with the cooling effect of O z molecules. 


69 




70 








Spacelabs Medical: RESPIRATION 

^ —— 


2.4.4 Electrochemical Sensors 

The 0 2 sensors commonly used for routine measurements of inspiratory 0 2 in patient ven¬ 
tilator circuits are based on electrochemical methods. The two major types of electro¬ 
chemical 0 2 sensors are the polarographic type and the galvanic or fuel cell type. The ba¬ 
sic electrochemical cell contains two electrodes immersed in an electrolyte. The gas sample 
electrolytically reacts at the electrode-electrolyte interface and, depending on the configu¬ 
ration of the cell, generates a current or voltage proportional to the gas concentration. The 
electrochemical sensors are mainstream type sensors because no sampling system is re¬ 
quired. The main advantage of these sensors is their simplicity and low cost. The main 
disadvantage is that they have a limited lifespan. 

If only a one-point calibration is performed, a one-point calibration with 100% 
0 2 is better than a one-point calibration with room air (21%). A two-point calibration 
using room air and 100% 0 2 is best since it determines the true linearity or characteristic 
curve of the sensor. A significant deviation from linearity indicates that the sensor is 
nearing the end of its useful life and probably should be discarded. Many of the newer 
sensors require calibration only once per day although some manufacturers still recom¬ 
mend a recalibration every 8 hours. 

Since the sensor measures the partial pressure (not the percentage) of 0 2 , changes 
in the barometric pressure alter the reading even if the percentage of 0 2 in the sample re¬ 
mains constant. The partial pressure of oxygen (Po 2 ) is equal to the percent of oxygen 
(%0 2 ) times the pressure at which the sample is measured: 

P0 2 = (% 0 2 ) (mm Hg or cm H z O) Equation 2.1 

If the barometric pressure at sea level is 760 mm Hg (1034 cm H z O) and dry air 
contains 21 % 0 2 , then: 


P0 2 = (21 %) (760 mm Hg or 1034 cm H z O) Equation 2.2 
= 160 mm Hg or 217 cm H z O 

The presence of humidity in the sample gas decreases the actual concentration of 
0 2 because H z O vapor exerts its own pressure. If 100% 0 2 is saturated with H 2 0 vapor, the 
actual concentration of 0 2 drops from 100% to 96% to 97%. Therefore, an analyzer cali¬ 
brated in dry gas will display a slightly lower reading in a humidified gas. If the analyzer 
sensor is calibrated on the dry side of the ventilator circuit before the humidifier, the read¬ 
ing will be slightly higher than the actual percentage of 0 2 delivered to the patient because 
humidity introduced after the 0 2 sensor dilutes the gas mixture after it has been mea¬ 
sured. For this reason, the analyzer/monitor should never be calibrated in an atmosphere 
saturated with H 2 0 vapor. Additionally, excessive condensation on the semipermeable 
membrane can cause a mechanical obstruction for the diffusion of 0 2 through the mem¬ 
brane. If used in a high humidity environment, 0 2 analyzer sensors should be placed in 
the independent position so that condensation drains away from the surface of the mem¬ 
brane. 

The effects of temperature on the O z sensor are quite small. But when added to the 
effects of H 2 0 vapor and pressure, the total effect can be quite significant. Most modern 
sensors incorporate a thermistor as part of the cell so that variations due to temperature 
changes are minimized. 
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In summary, to correct the displayed 0 2 percentage for humidity and system pres¬ 
sure, use the following equation: 

%0 2 (corrected) = %0 2 (displayed) x (ambient pressure - H z O vapor 
pressure at the system temperature/mean system 
pressure) 

The mean system pressure is the ambient pressure plus the mean pressure due to 
the ventilator. If the displayed O z percentage is 90%, the ambient pressure is 1034 cm H z O, 
the vapor pressure of H 2 0 at 37 degrees centigrade is 64 cm H,0, and the mean system 
pressure is 10 cm H z O, then: 

%O z (corrected) = (90%) (1034 - 64)/(1034 +10) 

or %0 2 (corrected) = (90%) (970 cm H 2 0 /1044 cm H 2 0) 

or %0 2 (corrected) = 83.6% 

As can be seen from this example, it is important to understand the effects of 
vapor pressure and system pressure on the displayed concentration of O z . 

Since the effects of various other gases vary somewhat with the manufacturer 
of the cell in use, it is best to consult the specifications for the particular cell. Gases with an 
equal to or less than 1% O z are nitrogen, helium, and nitrous oxide to 80%, and C0 2 
to 12%. Common anesthetics such as isoflurane, methoxyflurane, and halothane can 
introduce up to a 2% 0 2 error but do not damage the performance of the 0 2 sensor. 

2.4.4.1 Polarographic Sensor 

The polarographic cell, which is an electrochemical cell, was invented by Leland C. Clark 
in 1954 and is often called the Clark electrode. 9 Polarographic analysis uses the ability of 
O z to chemically react with H z O in the presence of electrons (e~) to produce hydroxyl 
(OH") ions. This electrochemical reaction requires a constant externally applied voltage of 
-0.6 volts which supplies electrons via a cathode of gold (Au) or platinum (Pt) (Figure 
2.13). Oxygen is reduced at the cathode: 

Chemical Reaction #1: 0 2 + 2H z O + 4e“ > 40H“ 

The resulting hydroxyl ions migrate to and react with the silver (Ag) anode and 
release their charge. Oxidation occurs at the anode: 

Chemical Reaction #2: 40H~ + 4Ag -< >- 2Ag 2 0+2H 2 0+4e 

The magnitude of the resulting current between the anode and the cathode, mea¬ 
sured by an ammeter, is directly proportional to the number of 0 2 molecules. 

The electrochemical cells using the polarographic principle are constructed so that 
the anode and cathode are surrounded by an electrolyte of potassium chloride and lie in 
close proximity to an 0 2 ~ permeable membrane constructed of teflon or polypropylene. 
As O z molecules traverse the membrane, they combine with H 2 0 and electrons to form 
hydroxyl ions. The hydroxyl ions migrate to the Ag/AgCl anode, react with the silver, 
and release the electrons. The electron flow is measured by the ammeter and converted on 
a scale of 0 2 concentration. 
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Figure 2.14— Galvanic/fuel cell. 










Clinical considerations: The response time of the cell depends on the thickness of 
the membrane. 10 A very thin membrane may be responsive enough to permit breath-to- 
breath measurements. Typically, the cells are given a one-year warranty by the manufac¬ 
turer. 

2.4.4.2 Galvanic or Fuel Cell Sensor 

Unlike the polarographic cell, which must have a constant voltage to polarize the elec¬ 
trode, another electrochemical cell—the galvanic or fuel cell—produces electrical energy 
without an external electrical source. 11 The construction of the galvanic cell resembles the 
polarographic type (Figure 2.14). The cathode is gold or platinum, the anode is lead or 
copper, and the electrolyte is usually potassium hydroxide. 

As 0 2 molecules diffuse through the 0 2 ~ permeable membrane of the cell, they 
chemically react with the H z O in the electrolyte to form hydroxyl ions. Oxygen is con¬ 
sumed to produce a current (See Chemical Reaction #1 above). The hydroxyl ions migrate 
to the lead (Pb) anode, react with it, and produce electrons. As in the polarographic type, 
the electrolyte facilitates the ionic migration: 

Chemical Reaction #3: 40FT + Pb < >- Pb0 2 + 2H 2 0 + 4e“ 

The current flow resulting from this reaction is measured by a microammeter and 
displayed as a percentage of 0 2 . The rate of this reaction is temperature dependent. Newer 
galvanic O z sensors have thermistors incorporated in the sensor to correct the current flow 
to compensate for variations in temperature. 

Clinical considerations: The typical galvanic cell is somewhat slower than the 
polarographic cell. 1213 The life expectancy of the galvanic fuel cells varies with the manu¬ 
facturer. Most cells have a warranty of one year from the date of purchase. The C-l type 
cell will last 240,000 hours, while the C-2 cell will last only 100,000 hours. This means that 
the higher the concentration of 0 2 the cell is exposed to, the shorter its life. If a typical 
value is 200,000 hours, the cell will last about three months in 100% 0 2 and about 15 
months in room air. Because the cell begins to deteriorate as soon as it is exposed to O,, 
most cells are packaged in nitrogen. 

2.5 Capnography 

Capnography is the graphic representation, as well as the interpretation, of the waveform 
of the changing concentration of C0 2 during the entire respiratory cycle. 8 Capnography is 
based on the fact that all mammalian cells have in common the ability to obtain energy for 
their specific functions by using 0 2 to burn glucose to their end products of C0 2 and H 2 0. 
For C0 2 to be detected, metabolism must occur in the cell with the production of C0 2 , C0 2 
must be transported from the cell to the lung by the circulation, and the C0 2 must be 
eliminated by diffusion into the alveoli and through the airways by ventilation. In the 
breathing cycle the C0 2 -rich gases of expiration are exchanged for fresh non-CO z -contain- 
ing gases on the inspiratory phase, producing the characteristic C0 2 waveform. 

The two types of C0 2 monitors currently in use today are the mainstream and 
sidestream types. The detector in the mainstream monitor attaches to the airway adapter 
connected to the endotracheal tube and is an integral part of the airway. The sidestream 
type, which is typically invasive, samples the stream of gas and conducts the sample to 
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the infrared optical bench in the monitor. Capnography and capnometry continue to be 
underused and misunderstood technologies today. For an excellent discussion of the op¬ 
eration and application of these two types of capnometers, please refer to Section 6.0, 
Capnography and Gas Monitoring, in this volume. 

2.6 Humidity Determination 

Although H 2 0 vapor is one of the most common constituents in the humidified gas deliv¬ 
ered by modern ventilators, the application of humidity sensors to the ventilator circuit 
has not been developed. It has been assumed that the delivered gas, as it passes through a 
heated humidifier, becomes 100% saturated. Evidence for this assumption is that H,0 
"rains out" in the ventilator tubing. But questions remain: is the heated, humidified gas 
100% saturated throughout the ventilator assisted breathing cycle? And, does it make a 
clinical difference? In neonates and long-term ventilator patients, under-humidified gas 
dries the normal respiratory secretions and creates another set of difficulties such as infec¬ 
tion and airway collapse. Further research is needed in the area of humidity determina¬ 
tion. 14 Halogenated polymeric sensors or surface acoustic wave technology microsensors 
may soon be adapted to the airway environment for the detection and measurement of 
humidity. 15 

2.7 Waveform and Graphic Analysis 

With the incorporation of microprocessors in mechanical ventilators and patient monitors, 
the clinician has many types of displays available for medical information. One difficulty 
for the clinician is the separation of the parameters of the mechanical ventilator from those 
of the spontaneously breathing patient. This situation occurs with a sporadically breathing 
patient who needs support from a mechanical ventilator while recovering from open 
heart surgery. Since most of the modern ventilators have the O, sensors and differential 
pressure and flow transducers incorporated within the ventilator for protection, one must 
question the accuracy of these devices when considering the parameters necessary for ad¬ 
equate monitoring of the patient. For example, can the ventilator performance be accu¬ 
rately differentiated from the patient response to a specific volume? This can become a 
significant issue when the distance from the ventilator outlet to the patient "Y" can exceed 
four feet in length. When flow transducers located close to the patient "Y" generate a dif¬ 
ferential pressure, will that pressure have the accuracy necessary for a proper clinical pic¬ 
ture when interpreted up to four feet away? These and many other factors must be con¬ 
sidered in the continuing development of biosensor technology as it applies to the patient 
airway. 

For a well written analysis on flow, pressure, and volume monitoring in the me¬ 
chanically ventilated and the spontaneously breathing patient, refer to "Graphical Analy¬ 
sis of Flow, Pressure, and Volume During Mechanical Ventilation" by Macintyre, Bear 
Medical Systems, 1991. 16 Another excellent publication on this subject is "Waveforms, The 
Graphical Presentation of Ventilatory Data" by the Puritan Bennett Corporation, 1990. 17 

2.8 Future Directions 

The key words in any discussion of the future directions of airway monitoring must in¬ 
clude the words noninvasive and reusable. Today's care providers using body substance 
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isolation techniques are faced with the tasks of protecting themselves from the patients, 
the patients from the care providers, and the patients from each other. By providing pa¬ 
tients with sterile reusable ventilator circuits, the possibility of nosocomial contamination 
is virtually eliminated. Institutions gain economically when they use reusable materials. 
Those institutions that choose disposable ventilator circuits, for example, are using "medi¬ 
cally clean," not sterile, circuits. They must also pay for disposing of the medical waste. 
The long-term cost of disposables is as much a detriment to the institution as it is to the 
ecology. 

A biotechnological sensor that is reusable and an integral part of the ventilator cir¬ 
cuit can also be noninvasive. A sensor can be part of the ventilator circuit but, also, can 
sample the gas flowing through the circuit. A side-stream capnometer, for example, "in¬ 
vades" the circuit and, therefore, may contaminate the transmission as well as contribute 
to the inaccuracy of downstream pressure, flow, and volume measurements. 

2.8.1 The Expansion of Noninvasive 
Biotechnology Sensors 

Optical technology or fiberoptics can convey, send, and receive different types of light 
across the airway and to a remote monitor.' 8-21 For example, shielded fiberoptics can con¬ 
vey the infrared light used by some capnometers and pulse oximeters. The total weight of 
the airway sensor can be reduced and yet maintain a high degree of accuracy since the 
sensor is placed as close to the patient as possible. Optical technology and fiberoptics can 
also transmit information rapidly and accurately without any dampening of the signal 
over great distances. The optical fiber thermometer currently in use in some areas of anes¬ 
thesiology and the practice of family medicine can be incorporated into the inspiratory 
and expiratory limbs of the airway tubing. The actual temperature of the delivered gas 
and the temperature differential between the inspired and expired gases can be deter¬ 
mined. 

Chemical sensors that change colors in the presence of different variables such as 
C0 2 (like the Fenum FEF® device) and relative humidity are being refined and expanded 
to respond to the wide variety of conditions encountered at the airway in the mechani¬ 
cally ventilated or spontaneously breathing patient. Invasive chemical sensors, such as 
those presently in use and under development, are limited by the site life. For example, 
the life of a radial artery cannula site in most clinical situations is 48 hours. This is very 
expensive technology fraught with hazards, such as infection potential, clot formation, 
and occlusion, which can be avoided by using noninvasive technologies. 

Moisture or relative humidity sensors can be incorporated in the airway so that 
the true relative humidity can be determined on the inspiratory side as well as the expira¬ 
tory limb of the ventilator circuit. Through microprocessors, the true effect of humidity 
can correct the pressure, flow, volume, Fp,, F E 0 2 , and ETC0 2 readings. The result of these 
calculations can produce a more accurate representation of the true clinical picture of the 
patient. 

Laser-doppler anemometer sensors are being developed to provide a real-time in¬ 
tegration of flow and volume measurements. 22 

Further developments in noninvasive breath-by-breath inspired and expired 0 2 
determination can have significant ramifications for the clinician, in particular the ability 
to accurately determine the O z consumption and, therefore, the respiratory quotient and 
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nutritional requirements of the intensive care patient. 23 Currently, the accuracy of these 
measurements is directly proportional to the accuracy of the O, analyzer. Therefore, the 
application of these devices in their current-configurations has not been well accepted by 
the clinician. 

2.8.2 Quick and Accurate (Intuitive) 

Medical Graphics 

Because of the capabilities and complexities of modern biotechnological sensors, micro¬ 
processors, and computers, care providers and decision makers often do not completely 
comprehend the numbers, waveforms, and data from these instruments. The graphic dis¬ 
plays available to the clinician are numerous and extremely varied. They include analog 
displays with traditional bar graphs and monitored "out-of-limits" markers, polygon dis¬ 
plays presenting key-monitored variables, numeric displays, graphic trend displays, digi¬ 
tal trend displays, loops, waveform displays, and many other combinations and permuta¬ 
tions. With the exception of the polygons, most of these displays are "flat" or typical X- 
and Y- axis presentations. Quick and accurate interpretation of this myriad of information 
is difficult or lacking because it is not intuitive. 

When five critical ventilation variables from the respiratory care flow sheet (Fi0 2 , 
respiratory rate, tidal volume, spontaneous respiratory rate, and spontaneous tidal vol¬ 
ume) are displayed as graphic representations or icons instead of horizontal tabular bands 
of numbers, a clinician briefly introduced to the concept can make clinical decisions faster 
than when using tabular data. This does not suggest that graphic representations result in 
faster decisions. The graphic representation must be easy to learn, intuitively pleasing, 
and valuable in the interpretation of clinical data. 

Because the human brain can discriminate minute differences in graphic charac¬ 
ters more rapidly and accurately than it can interpret numbers, intuitive graphics permit 
the rapid scanning of large amounts of information. Further development of intuitive - 
graphic representations for other disciplines such as cardiac monitoring and pharmacol¬ 
ogy may fundamentally alter human information processing in data intensive situations 
that require decision making. 24 - 25 


3.0 PULSE OXIMETRY 


Pulse oximeters have evolved from physiologic monitoring curiosities to common patient 
monitoring devices. New pulse oximetry technology couples spectrophotometry with- 
pulse waveform monitoring and permits clinicians to continuously assess arterial 0 2 
saturation in operating rooms, in intensive care units, during sleep studies (polysomno¬ 
graphy), and at the bedside. Portable pulse oximeters and recorders have also become 
popular monitoring devices during emergency medical transport and outpatient assess¬ 
ment of gas exchange. Advantages to pulse oximeters, other than their noninvasiveness, 
include their well-documented accuracy, ease of application, and good patient tolerance. 

Continuous pulse oximetric monitoring of arterial oxygenation can detect inter¬ 
mittent or chronic disruptions in gas exchange that may not be detected by random arte¬ 
rial blood sampling and analysis. Also, pulse oximeter measurements of 0 2 saturation do 
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not carry the risk of morbidity and mortality associated with invasive arterial blood sam¬ 
pling. Another value of continuous monitoring is the ability to quantitatively determine 
the amount of time spent at any given level of arterial 0 2 saturation. 26 This information 
can then be used to monitor the progression of gas exchange impairment or to evaluate 
the effectiveness of therapeutic interventions. With such widespread application of pulse 
oximetry technology, comprehension of the operating principles and the practical limita¬ 
tions of use can aid clinicians. This section describes the fundamental principles used in 
pulse oximetry technology to acquaint clinicians with environmental and physiological 
conditions that can affect their use. 

3.1 An Overview of the Development 
of Pulse Oximetry 

Development of noninvasive spectrophotometric techniques to monitor 0 2 saturation be¬ 
gan during World War II. 27 The development of high altitude aircraft created a need for 
pilots to be noninvasively monitored for any physiological changes induced by extreme 
altitude. In response to this need, the first functional noninvasive spectrophotometer was 
developed by 1942. Its inventor, Glen Millikan, named this new device the "oximeter" 
(Figure 3.1 ). 28 By using two optical filters to transmit light through the pinna of the ear, 
the oximeter measured the color of the hemoglobin molecule. From the color, the oximeter 
calculated total hemoglobin saturation. 

Other than some minor changes to Millikan's oximeter, noninvasive oximetric 
technology research remained essentially dormant until the introduction of the ear 
oximeter in 1975. This oximeter used fiberoptic cables to transmit light to a housing 
strapped to the pinna of the subject's ear. The cable housing had a heating element to 
warm the monitoring site and cause nearby arterioles to dilate. Since the warmed moni¬ 
toring site was effectively arterialized, the ear oximeter essentially measured the O z satu¬ 
ration of arterial blood. The ear oximeter used eight light wavelengths to differentiate oxy¬ 
hemoglobin from reduced hemoglobin, skin, tissue, and dyshemoglobins, a significant 
improvement over Millikan's oximeter, which could not make such distinctions. 

While the ear oximeter received acclaim as a research tool, it never gained wide¬ 
spread acceptance for clinical applications due to its impractical size, cumbersome head- 
gear, and high cost. Due to the limitations of ear oximetry, noninvasive monitoring of 0 2 
saturation was used primarily for research rather than clinical purposes. However, with 
the advent of light-emitting diodes (LEDs), photodetectors, and miniaturized amplifiers, 
Japanese researchers developed the first "pulse oximeters". This low cost, state-of-the-art, 
noninvasive monitoring technique innovatively coupled spectrophotometry (which mea¬ 
sures 0 2 bound to hemoglobin) with photoplethysmography (which measures arterial 
pulsations). The combination of these principles resulted in an instrument that could dif¬ 
ferentiate arterial from venous blood to selectively measure arterial 0 2 saturation with 
only two light wavelengths instead of the eight required by the ear oximeter. 

3.2 Fundamentals in Spectrophotometry and 
Photoplethysmography 

To noninvasively measure arterial 0 2 saturation, pulse oximeters combine two techniques 
of light transmission and reception: spectrophotometry and photoplethysmography. 
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Figure 3.1— Early version of an ear oximeter. 



Figure 3.2— Oxyhemoglobin and 
deoxyhemoglobin absorption (extinction) charac¬ 
teristics. 
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Spectrophotometry determines the percentage of oxygenated hemoglobin in the blood 
while photoplethysmography differentiates arterial from venous blood. 29 - 30 

Spectrophotometers measure hemoglobin saturation since the color and optical 
density of the hemoglobin molecule changes according to the amount of O z bound to it. 31 
Oxygenated hemoglobin appears bright red while deoxygenated hemoglobin is dark 
blue. Therefore, each species of hemoglobin has its own light absorption characteristics. 3132 
Figure 3.2 shows that the largest difference in absorption characteristics between oxygen¬ 
ated hemoglobin and deoxygenated hemoglobin occurs near the 660-nanometer (nm) 
range, which is the frequency of red light. Therefore, when a red light (near 660 nm) is 
transmitted through well-oxygenated, bright red blood, a significant amount of the light 
passes through the hemoglobin. On the other hand, if the blood is deoxygenated and 
dark, much less light is able to pass through the hemoglobin. 

In addition to the red light, pulse oximetry uses a second light wavelength to cal¬ 
culate O z saturation. This wavelength is called isobestic, meaning that oxygenated, as well 
as deoxygenated, hemoglobin will absorb about the same amount of it. 33 Figure 3.2 illus¬ 
trates that the isobestic, or crossover, point in light absorption between oxygenated hemo¬ 
globin and deoxygenated hemoglobin is near 805 nm, which is in the infrared range. Also 
in Figure 3.2, two vertical lines, one at 660 nm and one at 940 nm, indicate the light wave¬ 
lengths produced by currently available LEDs. 

Red light transmission through blood is dependant upon hemoglobin saturation 
and infrared light is not. Therefore, a ratio between the intensity of the transmitted-to-re- 
ceived red and infrared light can be calculated. Figure 3.3, a block diagram of a pulse 
oximeter front end, illustrates the various components that produce and measure red and 
infrared lights. It is the ratio of red to infrared light that the oximeter uses to derive a value 
of 0 2 saturation. Figure 3.4 presents red to infrared light ratios and their corresponding 
values of 0 2 saturation. To determine these values of O z saturation from the ratios of red 
and infrared light wavelengths, an empirical calibration curve is developed through stud¬ 
ies in healthy human subjects. 

To develop a calibration curve, one protocol requires human subjects to have an 
in-dwelling arterial catheter inserted. Then the sensor of the pulse oximeter being tested is 
attached to a well-perfused monitoring site (usually a finger or an ear). While his or her 
fractional inspired 0 2 concentration is closely monitored (either with mass spectroscopy 
or other types of monitoring devices), the subject breathes an isocapnic, hypoxic gas mix¬ 
ture to lower their arterial 0 2 saturation to a predetermined level. 34 Serial blood samples 
drawn from the indwelling catheter are analyzed for arterial 0 2 saturation by co-oximetry 
and are correlated with simultaneous pulse oximeter values of red and infrared lights. The 
value of 0 2 saturation (as measured by the co-oximeter from the blood sample) is then as¬ 
signed to the ratio of red to infrared light received by the pulse oximeter. This procedure is 
repeated at many different levels of 0 2 saturation in a series of subjects until a calibration 
curve is generated. By performing studies on numerous subjects, the oximeter can then be 
empirically validated. 

Photoplethysmography uses light reflectance or light transmission through vascu¬ 
lar tissue to measure arterial pressure waveforms generated by the cardiac cycle. In turn, 
noninvasive relative estimates of arterial blood flow, blood pressure, and tissue perfusion 
can also be obtained. The basic principle of photoplethysmography is that if a constant 
amount of light is transmitted through a pulsating vascular bed, then more light is trans¬ 
mitted through the bed when the arterioles are nearly empty (cardiac diastole) than when 
the arterioles are mostly full (cardiac systole). 35 
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The filling and emptying of the arterioles affect the pathlength of the transmitted 
light which causes the received light's intensity to fluctuate. The fluctuating part of the re¬ 
ceived light's intensity is defined as the alternating current (AC) signal. Additionally, 
other potential modifiers of the transmitted light exist, such as tissue, venous blood, as 
well as a portion of the arterial blood (Figure 3.5). However, since these substances absorb 
a constant amount of the transmitted light, their influence upon the transmission and re¬ 
ception of the light signal is essentially static. This static portion of the signal is called the 
direct current (DC) signal. By isolating the pulsatile, or AC, portion of the received light 
and spectrophotometrically measuring 0 2 bound to hemoglobin during that time, this in¬ 
formation has been shown to correlate better with arterial 0 2 saturation. 

3.3 Pulse Oximeter Sensor Technology 

After the first pulse oximeters were built, sensor technology played an important role in 
the transition of pulse oximetry technology from research laboratories to a clinical setting. 
The typical pulse oximeter sensor configuration is one or two red LEDs and an infrared 
LED, all of which are located on one side of the monitoring site. A photoreceiver is posi¬ 
tioned on the opposite side of the monitoring site, directly opposing the LEDs. The red 
and infrared LEDs function to transmit red and infrared light, while the photoreceiver 
measures their intensity on the opposite side of the monitoring site. These types of sensors 
in which light is transmitted by LEDs and received by a photoreceiver are called transmit¬ 
tance sensors. 

The primary functional requirement for transmittance sensors is that the monitor¬ 
ing site should not be so thick as to prevent transmission of light through it. This often lim¬ 
its sensor sites to either fingers, ears, or toes. To overcome this limitation, a new generation 
of reflectance sensors have recently become available. 36 Reflectance oximetry transmits 
light into a pulsatile vascular bed, which is then reflected back to the photoreceiver posi¬ 
tioned next to the LEDs. Since this single-sided sensor can be placed virtually anywhere 
on the body, forehead sensor placement could overcome the problem of peripheral ex¬ 
tremity vasoconstriction during surgery, a condition that decreases distal pulse pressures, 
thereby creating unstable saturation values when using a finger sensor. Patients with 
burns or edema would also benefit from a reflectance sensor not restricted to finger or ear 
placement. 

While reflectance sensors use backscattered rather than transmitted light, the sig¬ 
nal analysis is similar to that of transmittance pulse sensors. However, the pulse oximeter 
has a smaller amplitude signal to work with. Consequently, it must increase the gain of 
the signal reception to bring the pulse waveform signal into a usable range. This, in turn, 
can produce an unstable system that may be overly sensitive to motion. However, if re¬ 
flectance oximetry is used in anesthetized or immobile patients, its ease of sensor place¬ 
ment may outweigh its sensitivity to motion artifact. 

3.4 Technical Limitations 
of Puise Oximetry 

As previously described, pulse oximeters derive values of O z saturation from a ratio of 
transmitted-to-received red and infrared light. While the primary modifier of this red-to- 
infrared ratio is the color of the hemoglobin molecule (of which methemoglobin and 
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carboxyhemoglobin are also modifiers of the red-to-infrared ratios) dyshemoglobins are 
forms of hemoglobin that do not bind O, but do affect the color of the hemoglobin mol¬ 
ecule. 

Since four distinct species of hemoglobin exist in the blood: reduced hemoglobin, 
oxyhemoglobin, methemoglobin, and carboxyhemoglobin, four separate light wave¬ 
lengths are required to differentiate one from the other. Once each type of hemoglobin is 
identified, the ratio of oxyhemoglobin to total hemoglobin can be calculated. This ratio is 
termed fractional 0 2 saturation. Fractional O, saturation is the value produced by co¬ 
oximeters, devices that produce in vitro measurements of 0 2 saturation. 

As Figure 3,6 illustrates, deoxyhemoglobin and methemoglobin absorb similar 
amounts of red light at a wavelength near 660 nm. Also, carboxyhemoglobin and oxyhe¬ 
moglobin have almost identical absorption characteristics at 660 nm. Consequently, pulse 
oximeters that use a red light frequency near 660 nm cannot differentiate methemoglobin 
from deoxyhemoglobin, nor can they differentiate oxyhemoglobin from carbo¬ 
xyhemoglobin. 37 Therefore, the value that pulse oximeters display as percent O, satura¬ 
tion is actually a sum of the four hemoglobin species and is termed functional saturation 
(% SaO ? func). 


Figure 3.6— Hemoglobin extinction curves of 
d eoxyhemoglobin, oxyhemoglobi n, 
carboxyhemoglobin, and methemoglobin. 
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Equation 3.1 


SaO. frac x 100 _ 

100 - (9f COHb + %MetHb) 

where %SaO, frac = fractional O, saturation 

%COHb = percent carboxyhemoglobin 
%MetHb = percent methemoglobin. 

Fortunately, the percentage of carboxyhemoglobin and methemoglobin in 
healthy, nonsmoking subjects is relatively small so their presence does not significantly 
alter the accuracy of pulse oximeters. However, as described below, there are occasions 
when excessive amounts of dyshemoglobins can markedly affect a pulse oximeter's abil¬ 
ity to accurately measure 0 2 saturation. 

Carbon monoxide binds with hemoglobin more readily than does O-,. In cases of 
CO poisoning, the presence of carboxyhemoglobin causes the arterial blood to become 
bright red. 38 The pulse oximeter cannot differentiate carboxyhemoglobin from oxyhemo¬ 
globin since both have similar light absorption characteristics near 660 nm. This peculiar¬ 
ity associated with CO poisoning and hemoglobin coloring could prove potentially lethal 
if pulse oximetry alone is used as a method of assessing oxygenation. In cases of smoke 
inhalation or suspected CO poisoning, assessment of an invasive arterial blood sample by 
co-oximetry is necessary to measure carboxyhemoglobin. 

In the light wavelength range near 660 nm, methemoglobin has absorption char¬ 
acteristics similar to deoxyhemoglobin. Consequently, pulse oximetry cannot discern met¬ 
hemoglobin from deoxyhemoglobin. Certain clinical conditions in which excess methe¬ 
moglobin exists may cause the pulse oximeter to falsely display low values of O, satura¬ 
tion. 39 

Radiographic dyes injected into a patient will also affect the accuracy of pulse 
oximeters. 4041 Since most radiographic dyes are either methyl blue or green, a prominent 
amount of blue dye in the arterial blood can be misinterpreted by the oximeter as being 
deoxyhemoglobin. These effects of intravascular dyes are transient, but if they are unrec¬ 
ognized, it may lead to erroneous clinical decisions. 

In anemic states, whether transiently induced during open heart surgery by 
thermodilution or pathologically induced by chronic renal failure, an increased chance of 
pulse oximeter error exists. In the anemic normoxic patient, pulse oximetry appears to be 
fairly accurate. 40 - 41 However, in the patient suspected of being hypoxic, pulse oximetry 
values should be validated by invasive arterial blood samples. The basis of concern, 
shown in theoretical models but not yet duplicated in a clinical setting, is that the pulse 
oximeter algorithm is programmed to use a light intensity strong enough to transmit 
through a certain thickness of tissue, and thus expects the red light to be scattered by a 
predetermined amount of red blood cells in any given area. 42 The pulse oximeter can in¬ 
crease or decrease its light transmission intensity to compensate for tissue thickness and 
light scattering. However, if due to an anemic condition, the light may not be scattered to 
the degree expected, too much of the transmitted red light will reach the photoreceiver, 
potentially creating a falsely high value of 0 2 saturation. 

Dark skin pigmentation is associated with greater degrees of error in pulse 
oximetry measurements. 4314 One possible mechanism of the measurement error is a 
shunting of the red and infrared light around the periphery of the monitoring site. Since 
light follows the path of least resistance, in darkly pigmented people a portion of the 
transmitted light may travel subcutaneously from the LEDs to the photoreceiver. If the 
shunted light that reaches the photoreceiver has assumed low grade AC characteristics. 
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the ratio of red to infrared light could potentially be affected. Since subcutaneously 
shunted light is never exposed to a vascular bed, its intensity is not modulated by the 
color of the hemoglobin or by the pulsating arterioles. Therefore, the red-to-infrared ratios 
of shunted light will be different from the red-to-infrared ratios from transmitted and re¬ 
ceived lights. When shunted and unshunted red and infrared light reach the photosensor, 
their effect upon each other may produce erroneous values of 0 2 saturation. 

Alternatively, if shunted light does not develop AC characteristics its presence is 
still noted by the photoreceiver as electrical noise. This increased noise-to-signal ratio also 
can potentially cause a display of erroneous values of O z saturation. 

Pulse oximeter sensors have separate LEDs to transmit red and infrared light. 
However, the sensor only has one photoreceiver to measure each light. To assess each 
light independently, the pulse oximeter first flashes on the red LED and the photoreceiver 
measures its intensity after it has passed through the monitoring site. It then turns the red 
LED off. Next, the infrared LED is switched on and the photoreceiver measures its inten¬ 
sity after it has passed through the monitoring site. The infrared LED is then switched off. 
Finally, both LEDs are off and the photoreceiver measures the ambient light intensity 
which is subtracted from the values of red and infrared light. This sequence occurs several 
hundred times per second. 

Intense light from fluorescent lamps, operating room lights, and infrared heat 
lamps have been reported to interfere with pulse oximeter performance. 43 - 46 External in¬ 
frared light sources may increase the intensity of the infrared signal measured by the 
sensor's photoreceiver. Consequently, this may lower both the displayed heart rate and 0 2 
saturation. While these events may not appear in a readily reproducible fashion, they 
should be considered when using a pulse oximeter sensor. 

3.5 Additions! Factors That Affect Puise 

Oximeter Accuracy 

3.5.1 Motion Artifact 

When a pulse oximeter sensor is on a monitoring site that is subject to motion, the inter¬ 
mittent contact of the sensor with the skin can mechanically modulate the pathlength of 
the transmitted light. In turn, the ratios of red to infrared light are no longer modulated by 
the color of the hemoglobin molecule or by the pulsating vascular bed. If the motion is re¬ 
petitive or persistent, signals of similar amplitude are received through both the red and 
infrared channels. These mechanically-induced variances in the light's transmission and 
reception through the monitoring site can produce false arterial pulse waveforms that can 
mimic real waveforms. If the pulse oximeter cannot differentiate the motion-induced 
waveforms from true pulse waveforms, it will provide a value for 0 2 saturation rather 
than indicate an error. 

Figure 3.7 graphically displays data collected from the analog outputs of a pulse 
oximeter. The O z saturation signal (top panel) and arterial pulse waveform signal (middle 
panel) were collected with a personal computer and digitized at 50 Hz. Simultaneously, a 
three-lead ECG (bottom channel) was monitored and digitized at 50 Hz. The 0 2 saturation 
signal is shown with a reduced resolution to illustrate signal stability. Arrows mark the 
corresponding times on each strip. These tracings emphasize that for each QRS complex 
seen and recorded on the ECG channel, a corresponding pulse waveform peak occurs 
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Figure 3.7— Arterial pulse waveforms, normal 
sinus rhythm, and stable oximetry reading. 



Figure 3.8— Arterial and secondary pulse wave¬ 
forms, normal sinus rhythm, and unstable oximetry 
reading. 
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within approximately one-half second later. Since a peak-for-peak correlation between the 
pulse waveform and ECG channel exists, the value for 0 2 saturation derived from the 
pulse waveform is representative of arterial blood. 

Figure 3.8 presents signals collected from the same subject using the same collec¬ 
tion and display paradigm as in Figure 3.7. Once again, the 0 2 saturation signal is shown 
with a decreased resolution to illustrate signal stability, and arrows mark the correspond¬ 
ing points in time. This tracing highlights the effects of motion on the pulse waveform sig¬ 
nal. Unlike Figure 3.7, in which clearly identified arterial pulse waveforms correspond 
with each QRS complex, this figure illustrates randomly-occurring pulse waveforms. The 
frequency and amplitude of these artifactually-induced waveforms are such that they 
elude the oximeter's filtering techniques. Therefore, the accuracy of the calculation of 0 2 
saturation is erroneous. For example, in this illustration, the pulse oximeter provides a 
value of 87% 0 2 saturation, but the actual value of 0 2 saturation is 96%. 

One possible explanation of why pulse oximeters can calculate values of 0 2 satu¬ 
ration from artifactually-induced changes in light intensity is that the artifactual pulse 
waveform may generate an AC signal larger in amplitude than the genuine, arterial pulse- 
modulated AC signal. Because of the artificially heightened pulse amplitude, the ratio of 
the red-to-infrared signals becomes almost entirely a function of a DC signal. 47 Because of 
their large amplitude, the voltage of the two signals is similar and their ratio to each other 
becomes one. The calibration curve that most pulse oximeters use to convert the ratio of 
absorbed red to infrared light defines a ratio of one as an 0 2 saturation of about 84% to 
88% (Figure 3.4). Unfortunately, since these values can be clinically reasonable, their au¬ 
thenticity can only be verified by an inspection of the pulse waveform's integrity from 
which they were calculated. 

3.5.2 Cardiac Arrhythmias 

Figure 3.9 illustrates O z saturation, pulse waveform, and electrocardiogram, using the 
same collection parameters as described in Figure 3.7. Occasional premature ventricular 
contractions (PVCs) are visible on the electrocardiogram. However, their presence did not 
sufficiently alter the morphology of the pulse waveform. Since the PVCs did not alter the 
pulse waveform's characteristics, the pulse oximeter accepted their validity and calculated 
values of 0 2 saturation. If periodic cardiac arrhythmias would affect the morphology of 
the pulse waveform, the pulse oximeter's pulse waveform processing algorithm would 
process those waveforms as if they were artifact. Then the pulse oximeter's pulse wave¬ 
form weighing, averaging, and rejection schemes should determine the acceptability of 
the incoming pulse waveform signals. 

Cardiac arrhythmias that could be potentially detrimental to the pulse oximeter's 
ability to measure arterial 0 2 saturation are those associated with sustained, decreased 
cardiac outputs. Sustained ventricular tachycardia, for example, is associated with sudden 
decreases in blood pressure due to inadequate cardiac filling time. This, in turn, could pro¬ 
duce an insufficient pulse waveform that the pulse oximeter cannot measure. 

3.5.3 Hypothermia 

Patients in medical and surgical intensive care units who are hypothermic, whether in¬ 
duced by cooling mattresses intraoperatively or postoperatively, are subjected to periph¬ 
eral vasoconstriction. Consequently, the vasoconstriction creates low pulse pressures with 
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Figure 3.9— Unstable pulse waveforms, ventricular 
extrasystoles, and stable oximeter readings. 
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poor quality pulse waveforms. During these conditions, the amplitude of the pulse wave¬ 
form may be so small that the pulse oximeter cannot accurately measure it. To compen¬ 
sate for the pulse-received waveform signal, the pulse oximeter raises the driving current 
of the LEDs as well as increases the gain of the photoreceiver to bring the measured am¬ 
plitude of the pulse waveform into a workable range. 48 This increase in LED driving cur¬ 
rent and increased photoreceiver gain concomitantly increases the noise-to-signal ratio. As 
a result, the pulse oximeter becomes more susceptible to motion artifact and to other 
mechanisms that could create false values of 0 2 saturation. 

So, while the hypothermic condition itself has not been reported to cause oximeter 
error, the peripheral vasoconstriction associated with it may cause the pulse oximeter to 
become more susceptible to artifactually-induced signals. 49 - 50 

3.6 Data Averaging and Artifact 
Rejection Schemes 

A small heart beat-to-beat variability in 0 2 saturation does exist. This variability, observed 
in pulse oximeters that provide beat-by-beat displays of 0 2 saturation, can be caused 
by the initial arterial pulse pressure compressing and emptying the venous bed. As the 
arterial pressure decreases, the venous bed opens and fills, behaving like an artery. Since 
the venous and arterial pulsations occur virtually simultaneously, a small amount of 
venous blood is detected by the oximeter and included in the calculation of 0 2 saturation. 
The actual amount of blood remaining in the venous system may vary with heart rate, 
arterial blood pressure, or cardiac output, thereby creating pulse-to-pulse variations in 
measured 0 2 saturation. 

Displaying the pulse-to-pulse variations could prove somewhat distracting to the 
clinician. To help eliminate small variations in displayed 0 2 saturation values, pulse 
oximeter algorithms use data smoothing schemes. Briefly, data smoothing averages the 
values of 0 2 saturation over several heart beats to provide a single value. In turn, data 
smoothing can eliminate small pulse-to-pulse variations in the O z saturation signal. Also, 
during infrequent episodes of motion, any sporadic artifactual readings are averaged with 
the correct readings to help stabilize the signal and to prevent the display of erratic values 
of 0 2 saturation. 

The major problem with lengthy signal averaging routines is a delayed machine 
response time during acute changes in 0 2 saturation. Also, imprecise displays of high and 
low 0 2 saturation values during hypoxic events may occur since normative values imme¬ 
diately preceding and following the events are averaged in with the lower values. There¬ 
fore, a shorter signal or data-dependent filtering algorithm averaging time is more favor¬ 
able since it helps minimize these errors. 

To help counter the possibility of the pulse oximeter providing false values of 0 2 
saturation from artifactual pulse waveforms and to keep data averaging times to a mini¬ 
mum, the oximeter algorithm employs various artifact rejection schemes. Some pulse 
oximeters employ predefined templates of arterial pulse waveforms to which all incoming 
pulse waveforms are fitted. If the incoming pulse waveform does not fit the template, one 
of several events occurs depending upon the pulse oximeter being used. Some algorithms 
discard the pulse waveforms that do not fit within the template. If a string of unusable 
waveforms appear, the oximeter displays an error message. Other oximeter algorithms in 
the presence of unusable pulse waveforms freeze the last, correct 0 2 saturation value. This 
value can be held in the display for several seconds or until usable waveforms reappear. 
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Another technique to filter out artifactual pulse waveforms employs weighted 
pulse waveform averaging schemes. This strategy applies a "weight" or a "measure" to 
the quality of the incoming pulse waveform. Values of 0 2 saturation derived from pulse 
waveforms that have low weighted measure of their authenticity contribute minimally to 
the overall calculation of 0 2 saturation. Pulse waveforms that have a large weighted mea¬ 
sure for their authenticity contribute maximally to the calculation of 0 2 saturation. Wave¬ 
form weighing, when used in conjunction with pulse waveform templates, provides a 
fairly effective mechanism for separating artifact from the physiologic pulse waveform. 

Most pulse oximeter manufacturers state that the accuracy of their machines are 
within 2% to 4% of actual arterial 0 2 saturation values. As mentioned earlier, the value a 
pulse oximeter displays as 0 2 saturation is termed "functional saturation". Functional 
saturation is the sum of the four hemoglobin species (both O z -binding and nonoxygen¬ 
binding hemoglobins) present in the blood. The presence of dyshemoglobins accounts for 
a small portion of the red light absorbance which affects the oximeter's precision for its 
oxyhemoglobin measurement. Dyshemoglobins also account for 2% to 4% of the value 
that pulse oximeters display as "0 2 saturation". Therefore, the displayed value is 2% to 4% 
higher than the actual value of arterial 0 2 saturation. 

During profound hypoxemia, the error in pulse oximetric measurements of arte¬ 
rial 0 2 saturation may be larger than the manufacturer's stated range. Many potential rea¬ 
sons explain the oximeter's inaccuracy during hypoxemia, but no one specific cause has 
been actually identified. Several plausible explanations why oximeters become less accu¬ 
rate at low levels of 0 2 saturation have been proposed. One frequently mentioned reason 
involves the oximeter's initial calibration protocol. 

As previously described, pulse oximeters are calibrated by attachment to a healthy 
human subject who breathes a hypoxic gas mixture. The limitation to this calibration tech¬ 
nique is that most protocols only allow the subject to undergo desaturation to 75% arterial 
0 2 saturation. Some protocols do induce profound hypoxemia, but they are not com¬ 
monly practiced during industrial pulse oximeter calibrating protocols. Therefore, since 
the pulse oximeter can only be calibrated with real human data down to a certain point, 
the lower end of the calibration curve must be extrapolated from the existing data. This 
extrapolation of data to a calibration curve can introduce measurement errors. 

Another explanation of why pulse oximeters become less accurate at low 0 2 satu¬ 
ration levels involves the light shunting theory as previously explained. To review, it is 
possible that, during hypoxemic conditions, a portion of the red light follows the path of 
least resistance around the periphery of the monitoring site instead of through the dark¬ 
ened blood. If any of the shunted light comes in contact with the unshunted light that has 
assumed AC characteristics, an overall increase in light intensity could occur. This could 
create an artifact in the red-to-infrared light ratios that would cause the pulse oximeter to 
produce erroneous values of O z saturation. While this scenario is theoretically feasible, it 
has yet to be scientifically validated. 

Although these effects can potentially cause the pulse oximeter to overestimate 
actual arterial 0 2 saturation during hypoxemic conditions, other previously described 
conditions can also produce pulse oximeter errors during hypoxemia. Of these, anemia, 
CO poisoning, and skin color (to some degree) are the most clinically relevant. 
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3.7 Summary 

All currently available pulse oximeters use LEDs to transmit red and infrared light in the 
region of 660 nm and 940 nm, respectively. The light is transmitted through a vascular bed 
to a photoreceiver positioned opposite the LEDs. As the light passes through the vascular 
bed, its intensity is modulated by the filling and emptying of the arterioles, which affect 
both the red and the infrared lights. The red light is further modulated by the color of the 
hemoglobin, in that the darker the hemoglobin molecule, the more red light it absorbs. 
The photoreceiver positioned on the opposite of the LEDs measures the intensity of both 
the red and infrared light that passes through the vascular bed. From this, the ratio of red 
to infrared light is derived and used to determine arterial 0 2 saturation. 

When arterial 0 2 is measured in vivo using pulse oximetry, the value produced is 
called Sp0 2 . In vitro measurements of arterial 0 2 saturation, obtained by arterial puncture 
and co-oximetric analysis of the sample are known as Sa0 2 . Both pulse oximetry and co¬ 
oximetry measure 0 2 bound to hemoglobin by light transmission and reception. The dis¬ 
tinction is that co-oximetry uses multiple light wavelengths to produce separate measure¬ 
ments of both oxyhemoglobin and dyshemoglobins. Therefore, a value of Sa0 2 produced 
by co-oximetry represents only 0 2 bound to hemoglobin. On the other hand, pulse 
oximeters use only two light wavelengths, and therefore, cannot differentiate between 
oxyhemoglobin and dyshemoglobins. Consequently, they measure total hemoglobin 
saturation. Hence, Sp0 2 is the sum of both the oxyhemoglobin and the dyshemoglobins 
levels. 

Although pulse oximetry measurements are generally considered risk free, there 
have been reports of patients receiving bum injuries from pulse oximeter sensors. 51 Defec¬ 
tive LEDs in the finger sensor have led to patients being burned on their fingertips during 
intraoperative pulse oximetry monitoring. Another source of patient burns is the connect¬ 
ing of one manufacturer's pulse oximeter sensor to another manufacturer's pulse 
oximeter. The sensor may connect without difficulty, but the pulse oximeter sends exces¬ 
sive electrical current to the LEDs causing them to overheat. To prevent these errors from 
occurring, some pulse oximeters send a signal through the sensor to identify its circuitry. 
If the sensor responds appropriately, and in a predetermined fashion, the pulse oximeter 
continues to operate. If the sensor does not respond appropriately, the pulse oximeter dis¬ 
plays an error message and alarm. 

While pulse oximeters may be adversely affected by specific environmental, 
physiological, or technical conditions, their convenience, minimal patient discomfort, and 
overall accuracy often outweigh these limitations. These factors encourage the future use 
of such devices in clinical settings. Therefore, clinicians who are familiar with the operat¬ 
ing principles and the technical limitations of pulse oximetry are better equipped to use 
this technology to its fullest potential. 52 
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Figure 4.1— The oxygen-hemoglobin dissociation 
curve. 

a = normal arterial 
v = normal mixed venous 
Pjo = the partial pressure (27 mm Hg) at which 
Hb is 50% saturated. 
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4.0 MIXED VENOUS OXYGEN 

SATURATION 


Prior to the development of an accurate bedside monitor of the mixed venous oxygen 
(Sv0 2 ) saturation of hemoglobin, clinical management of cardiorespiratory problems 
relied on intermittent laboratory measurements of venous saturation. Early attempts at 
continuous SvO z monitoring were unsuccessful for a variety of technical reasons. Clinical 
use of Sv0 2 has increased dramatically following the development of an accurate bedside 
monitor. In this chapter, the development, basic physiology, pathophysiology and clinical 
applications of Sv0 2 are reviewed. 

4.1 General Principles and History 

4.1.1 Relation to the Fick Principle 

The Fick principle states that cardiac output (CO) can be determined from knowing the 
oxygen consumed (Vo 2 ) and the difference in 0 2 content of blood leaving and returning to 
the lungs: 

CO = - ——2 - Equation 4.1 

Co-Co 

3 2 V 

where C a 0 2 = 0 2 content of arterial blood 

C.O, = O n content of mixed venous blood 

v 2 2 

Oxygen content in blood (Co 2 ) is determined by the sum of: 1) The hemoglobin 
concentration multiplied by 1.39 (the milliliters 0 2 per gram of hemoglobin), multiplied by 
the percent of hemoglobin that is saturated, and 2) its solubilized portion in plasma of 
0.003 milliliters per mm Hg 0 2 tension in blood (P0 2 ). 

This is expressed as: 


C0 2 = (1.39)(Hb)(SaO z ) + (0.003)(PO 2 ) Equation 4.2 

where Sa0 2 * = percent 0 2 saturation of arterial Hb (x.01) 

*The value for Sp0 2 (as obtained from pulse oximetry) can be substituted in equations denoting arterial 0 2 
saturation. The term Sa0 2 is used throughout this text for clarity. 

Because of the small relative contribution of the plasma-soluble fraction at usual 
partial pressures of 0 2 , the equation for the clinically significant 0 2 content of blood can be 
simplified to: 


C0 2 = (1.39)(Hb)(Sa0 2 ) Equation 4.3 

Rearrangement of the Fick equation can then yield calculation of 0 2 consumption by: 
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V0 2 = (CO)[C (a v) 0 2 ] 


Equation 4.4 


where C, .O, = arterial-venous difference in Co, 

(a-v) 2 2 

And, by substitution for Co 2 : 

V0 2 = (CO) (1.39)(Hb) (Sa0 2 - SvO z ) Equation 4.5 

It is then necessary only to measure Sv0 2 in calculating systemic O z consumption. 
Knowing the Sa0 2 by noninvasive pulse oximetry and the cardiac output, 0 2 delivery can 
be quantified. 

As noted above, these calculations are valid assuming normal 0 2 tensions and he¬ 
moglobin concentrations. Because hemoglobin saturation will not change at P a o 2 s in ex¬ 
cess of 150 mm Hg (Figure 4.1), Sa0 2 measurement is an insensitive indicator of C a 0 2 
changes in those ranges. For the anemic patient with a high P a O,, the relative contribution 
of the plasma-soluble O z fraction to the overall C a 0 2 can become significant, and should be 
considered. 

4.1.2 Site of Sv0 2 Measurement 

The Sv0 2 reflects the balance between 0 2 delivery and 0 2 consumption in the body as a 
whole. Sampling of true mixed venous blood can therefore only be obtained from the pul¬ 
monary artery, since 0 2 extraction varies from different regions and organ systems and 
mixing is therefore incomplete proximal to this site (Figure 4.2). 

4.1.3 Determinants of Oxygen Delivery 

Oxygen delivery is calculated by multiplying the C a 0 2 by the cardiac output. The C a O, is 
most sensitive to the hemoglobin concentration in blood and the saturation of hemoglobin 
with 0 2 . The influence of hemoglobin concentration on C a O, is proportional and occurs in 
a linear fashion, although hemoglobin concentrations above 15 gm/dl increase blood vis¬ 
cosity to the point of compromising local tissue perfusion and O z delivery. 53 The shape of 
the oxyhemoglobin dissociation curve (Figure 4.1) reflects the fact that saturation of hemo¬ 
globin remains virtually unchanged when the 0 2 tension is 150 mm Hg or greater, al¬ 
though saturation drops dramatically below an O z tension in the area of 60 mm Hg. 

Cardiac output is the flow of blood delivered to the peripheral circulation, com¬ 
monly measured in liters per minute (LPM), and can be effected by changes in volume 
loading (preload), changes in resistance to flow (afterload), changes in myocardial con¬ 
tractility, and heart rate. 

4.1.4 Determinants of Oxygen Demand 

Oxygen demand is the amount of O z required by the body's tissues in a given time. Oxy¬ 
gen consumption, to meet this demand, again can be determined by the Fick equation, or 
measured directly with calorimetry. Oxygen demand in the normal resting adult is 5 ml 
0 2 from every 100 ml of blood flow. 54 Assuming a C a 0 2 of 20 dl/ml blood at 100% hemo¬ 
globin saturation, an Sv0 2 of 75% can be predicted at steady state. A baseline 0 2 con¬ 
sumption can be calculated by factoring in the cardiac output (using Equation 4.4): 




Wavelength (nm) 


m of hemoglobin and 



Wavelength (nm) 
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where 


VO, = (C a 0 2 - C Oj X CO Equation 4.6 

CO = 5.0 LPM 

Vo, = (20 dl 0 2 /ml -15 dl 0 2 /ml)(5 LPM)(10 dl/1) 

VO, = 250 ml/min. 


Oxygen demand can change through a variety of factors as discussed below. 


4.1.5 Historical Development of 
Saturation Monitoring 

In 1935, Kramer first demonstrated a method of measuring 0 2 saturation in flowing blood 
on a continuous basis. 53 He originally did this by galvanometrically measuring the 
blood's absorption of an incandescent light shone through a red filter with a photocell. 
Later, in 1939, Matthes and Gross described a combined red and infrared 0 2 saturation 
meter that measured transmittance through the ear. Millikan refined this concept to a 
more practical design in the early 1940s and first coined the term "oximeter". 56 ' 57 Modern 
oximeters continue to apply these concepts, measuring the transmission and absorbance 
of red and infrared light sources in blood and comparing the results with known values 
for oxyhemoglobin and reduced hemoglobin (Figure 4.3). 

Brinkman and Zijlstra first described the measurement of 0 2 saturation by re¬ 
flected light in 1949. 58 Their original method used reflected red light as measured from the 
forehead. Their theories of reflection oximetry paved the way for the fiberoptic catheters 
(Figure 4.4). 

Polanyi, working with the American Optical Company, developed a reflection- 
oximeter using optical fibers during the late 1950s. Working with Cournand, clinical ap¬ 
plication of his designs were implemented using a cardiac catheter in 1962. 59 ' 60 These early 
catheters were limited in their usefulness, however, by the fragility of their fibers, the 
overall size of the catheters, and their inability to provide consistent measurements in the 
face of changing hemoglobin concentrations. 

4.1.6 Current Technological Features 
and Applications 

Improvements in fiberoptics and the development of pulmonary artery catheters have al¬ 
lowed the integration of these technologies with reflection spectrophotometry, making 
bedside Sv0 2 monitoring possible (Figure 4.5). The most accurate commercially-available 
system uses three wavelengths of light, which is superior to two-wavelength systems for 
measuring abrupt changes in Sv0 2 of patients with stable hemoglobin concentrations 
(Figure 4.6). 61 - 62 

Other technological improvements include a processing algorithm using continu¬ 
ous ratios to reduce vessel wall artifact and LEDs for the narrow-band source. These de¬ 
velopments enable the system to produce accurate measurements of continuous Sv0 2 
over a wide range of hemoglobin concentrations. Such advances have improved the accu¬ 
racy and usefulness of SvO z . 
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4.2 Physiologic Conditions 

Monitored by Sv0 2 

Sv0 2 provides an indication of the 0 2 remaining in mixed venous blood following use by 
the tissues, thus reflecting the balance between 0 2 delivery and consumption. The re¬ 
sidual amount of O z in venous blood depends not only on the amount of 0 2 consumed in 
the tissues, but is also dependent upon the variables of arterial saturation, hemoglobin 
concentration, and cardiac output. The amount of actual 0 2 consumption by the tissues is 
also a dynamic process usually independent of these factors. As such, Sv0 2 is a sensitive 
but nonspecific indicator of the relationship between delivery and consumption. 

4.2.1 Adequacy of Oxygen Delivery 

The variables of 0 2 delivery (Sa0 2 , hemoglobin concentration, and cardiac output) can be 
considered independent. However, with knowledge of two out of three variables, it is 
possible to make reasonably accurate estimates of the adequacy of the third parameter. 

When hemoglobin concentration, Sa0 2 , and 0 2 consumption are considered con¬ 
stant, changes in SvO z are likely to result from a change in cardiac output. Clinically, in 
such situations the alterations in 0 2 consumption occur either slowly or in response to 
some sudden, but obvious, change in demand. Likewise, variations in hemoglobin con¬ 
centration occur slowly even in a patient who is acutely bleeding, due to the slow refilling 
of the plasma component. Therefore, when the Sa0 2 is known and constant, the C (a _ v) 0 2 as 
measured knowing the Sv0 2 will tell whether cardiac output is adequate in meeting 0 2 
consumption based on the Fick principle (Equation 4.5). 

An unchanging Sv0 2 trend usually indicates a stable relationship between the 
components of 0 2 delivery and consumption. A changing trend should alert the clinician 
to reexamine the patient to detect any changes that might require therapy. 

4.2.2 Increased Oxygen Demand 

Many clinical conditions can result in increased 0 2 demand. One simple example is the 
exercising athlete who requires increased 0 2 for working skeletal musculature. While the 
athlete can compensate for increased demand through large increases in cardiac output, 
he or she may also demonstrate a marked increase in C (a _ v) 0 2 (measured as a decrease in 
Sv0 2 ), reflecting increased 0 2 consumption. This same principle holds in pathologic states 
of increased 0 2 demand, and changes in C (a _ v) 0 2 are even more dramatic in those patients 
with a compromised ability to increase their cardiac output. 

4.2.3 Inadequate Oxygen Consumption 

While 0 2 demand represents the overall 0 2 requirements of the body, 0 2 consumption 
defines the utilization of delivered 0 2 by the body as a whole. Sv0 2 does not directly mea¬ 
sure the balance between O z demand and consumption, but it can reflect the ability of 
compensatory adjustments to meet that changing demand. 

When the body is unable to adequately obtain 0 2 to meet demand, the result is 
anaerobic metabolism, which is measured by the presence of lactic acidosis. Anaerobic 
metabolism represents either inadequate 0 2 delivery or an inability of the tissues to extract 
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0 2 . Excluding the latter cause, continuous SvO z monitoring may be used to determine the 
presence of ongoing anaerobic metabolism and the adequacy of O z consumption in lactic 
acidosis. 63 

Body temperature, pH, P c O,, and 2,3-diphosphoglycerate affect the binding of 0 2 
to hemoglobin and thus can change 0 2 consumption (Figure 4.7). The resulting change in 
O z consumption is seen as a change in Sv0 2 . 

4.3 Clinical Applications 

The normal Sv0 2 in the resting adult is 75%, although the acceptable range may vary from 
60% to 80%. The threshold signaling induction of anaerobic metabolism is approximately 
50%. 64 

4.3.1 Oxygen Delivery 

The determinants of 0 2 delivery, cardiac output, SaO z , and hemoglobin concentration are 
all represented to varying degrees in a number of pathologic states. These measures, in 
turn, are reflected by changes in Sv0 2 . 

The relationship between cardiac output and Sv0 2 , based on the Fick principle, is 
not linear (Figure 4.8). In patients with low cardiac output states, small changes in output 
can result in quite large changes of the C (a . v) 0 2 . Taking this into consideration, alterations in 
cardiac output and the resultant effects on the 0 2 delivery/consumption balance can be 
assessed and can guide therapy towards changing the cardiac output. Changes in cardiac 
output indicated by Sv0 2 may be noticeable prior to changes in heart rate, mean arterial 
pressure (MAP), or pulmonary artery occlusion pressure (PAOP). 65 

Sa0 2 values can be altered as a result of changes in minute ventilation, diffusion 
capacity within the lungs, fractional inspired oxygen concentration (Fi0 2 ), or positive end- 
expiratory pressure (PEEP). Changes in Sa0 2 can also be caused by intrapulmonary 
shunting or ventilation-perfusion inequalities. 

The relationship between hemoglobin concentration and Sv0 2 is linear. Low Sv0 2 
values may indicate the need for a blood transfusion because of inadequate 0 2 delivery. 66 

4.3.2 Oxygen Consumption 

Changes in Sv0 2 reflect a variety of pathologic states, either from disease or from iatrogenic 
manipulations. Increases in 0 2 consumption may result from exercise, agitation or pain, 
shivering, hypermetabolism from thyroid dysfunction or malignant hyperthermia, infec¬ 
tious diseases, hypersensitivity reactions, and rewarming after cardiopulmonary bypass. 
Decreases in 0 2 consumption may result from hypothermia, or from general anesthesia 
through cutaneous vasodilation, decreased muscle tone, and heat generation. 

The assessment of 0 2 consumption in the critical care setting is extremely impor¬ 
tant in determining the patient's response to shock. Maintenance of normal or supra- 
normal 0 2 consumption has been correlated with improved outcome in these patients. 67 
In addition, 0 2 consumption may decrease early on in these states prior to the mani¬ 
festation of other hemodynamic changes. 68 


103 



Figure 4.8—Calculated relationship between cardiac 
index (Cl) and SvO, at constant Vo, and C a o, 



SvO z (%) 


Figure 4.9—Iso-shunt diagram. Bands represent 
various values of Hb concentration. 



Inspired oxygen concentration (%) 



Spacelabs Medical: RESPIRATION 


4.3.3 


Pulmonary Blood Flow 

When cardiac output decreases or 0 2 consumption increases, and the intrapulmonary 
shunt fraction (Qsp/Qt) remains constant, tissues must extract more Q, per unit volume 
of blood and, therefore decrease Sv0 2 . Progressive increases in Qsp/Qt present more 
desaturated venous blood to the arterial side, decreasing C a O,, and potentially resulting in 
a vicious cycle. Determination of Qsp/Qt can be derived from Sv0 2 if the oxygenation of 
end-pulmonary capillary blood (c' flow) is known by: 


Qsp/Qt 


ScT). - SaO . 
Sc'C> 2 - SvO z 


Equation 4.7 


where 


Sc'O, 

(assuming Pc'O, 


0 2 saturation of c flow 
alveolar Po 2 ). 


At shunts approaching 50%, 0 2 delivery no longer responds to increasing FiO,, (Figure 
4.9) and therapy must be directed at decreasing the shunt. 69 


4.3.4 Optimal Mechanical Ventilation 

Because Sv0 2 is a reliable indicator in most tissue oxygenation states, its monitoring helps 
in assessing the effectiveness of various manipulations upon patients who are mechani¬ 
cally ventilated. The usefulness of Sv0 2 has been well-documented for determining opti¬ 
mal levels of PEEP. 70 ' 71 In patients for whom PEEP increases arterial hemoglobin satura¬ 
tion and Po 2 , the Sv0 2 usually improves. Excessive PEEP decreases cardiac output and 
Sv0 2 . The optimal level of PEEP is the one resulting in the best Sv0 2 . 

4.3.5 Pulmonary Artery Catheter Position 

Use of Sv0 2 monitoring allows confirmation of true wedge by the pulmonary artery cath¬ 
eter through its ability to detect the increase in 0 2 saturation that occurs when measuring 
pulmonary capillary blood flow. Further confirmation can, of course, be obtained by with¬ 
drawing capillary wedge blood from the catheter tip. Perhaps more important is the abil¬ 
ity to detect distal catheter migration, a frequent occurrence with potentially disastrous 
consequences. 72 - 73 Because the fiberoptic catheter continuously reads the intensity of the 
light being reflected, the changes associated with migration into a wedge can be identified 
by the computer unit; preset alarms can warn of the event. 

4.3.6 Cost-Effectiveness in the 
Critical Care Setting 

One of the more useful aspects of SvO z monitoring is its function as a trend monitor. This 
characteristic helps the clinician determine when various patient profiling, such as arterial 
blood gas analysis, determination of hemoglobin concentration, or cardiac output mea¬ 
surement, is indicated. Furthermore, Sv0 2 monitoring allows the clinician to reduce the 
number of these routine measurements when the patient is stable. It is also a potential 
method for analyzing the effects of various changes in treatment without the delay and 
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cost of other tests. The proper use of this continuous monitoring technology could elimi¬ 
nate the waste of resources that are often // protocol"-based. 74 However, it is unclear at 
which point in a patient's care the use of this particular monitoring becomes economically 
favorable. 7 " 1 

4.4 Limitations of Sv0 2 Monitoring 

4.4.1 Nonspecificity 

SvO, monitoring does not determine the source of imbalances between O, delivery and 
consumption, but only reflects the total 0 2 reserve of the entire body. Oxygen consump¬ 
tion within a given organ system can be maintained in the face of limited O, delivery 
through increased extraction. 76 Conversely, severe individual organ system 0 2 imbalance 
can occur with an apparently normal Sv0 2 . 

4.4.2 Disease States 

One of the pathologic states best known to confound the reliability of SvO, monitoring is 
that of sepsis. Septic patients have been described as having a pathologic dependence of 
O, consumption upon O, delivery. 77 This dependency may represent distributive inad¬ 
equacies of tissue oxygenation despite supranormal O, delivery. 77 The same dependency 
has been seen in patients with adult respiratory distress syndrome, congestive heart fail¬ 
ure, and hepatic failure, and after cardiopulmonary bypass. Other evidence, using inde¬ 
pendent measurements of 0 2 delivery and consumption in septic patients with stable he¬ 
modynamics, indicates that these patients fail to demonstrate this pathologic O, supply 
dependency. 78 Still, caution must be advised in evaluating Sv0 2 measurements from sep¬ 
tic patients since normal or even high SvO, values can coexist with actual tissue hypoxia. 79 

Acute myocardial infarction appears to limit the reliability of SvO, measurements 
in predicting changes in cardiac output. sn This breakdown in reliability has been associ¬ 
ated with an unstable rate of O, consumption at the tissue level. It has been recommended 
that a relationship between measured cardiac output and Sv0 2 be established for unstable 
patients prior to use of SvO, as a monitoring parameter. 81 - 82 

Patients with chronically low cardiac output states and chronic obstructive pul¬ 
monary disease appear to function at baseline levels despite subnormal Sv0 2 . 83 - 84 These 
cases represent the adaptability of the various compensatory mechanisms to maintain 0 2 
consumption despite compromised delivery. Because the reserves of these patients are al¬ 
ready compromised or exhausted, their susceptability to any further insult must be kept 
in mind. On the other hand, efforts to always treat the SvO z value by itself can prove fruit¬ 
less and ill-advised; the number is not the disease. 

Diseases that affect O, loading and release from hemoglobin, such as 
hemoglobinopathies and various acid-base disturbances, can also alter SvO, reliability. 
However, acute changes in Sv0 2 in such patients still indicate alterations in the Do,-Vo, 
balance and overall tissue oxygenation. 
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4.5 New Technologies 

4.5.1 Additional Wavelength Analysis 

While the development of a three-wavelength-measuring oximeter has improved the ac¬ 
curacy of Sv0 2 monitoring over a wider range of hemoglobin concentrations, methemo¬ 
globinemia and other dyshemoglobinemias produce significant errors in current Sv0 2 
measurements. 85 

Sa0 2 calculations from the Lambert-Beer law require separate wavelengths and 
equations for each type of hemoglobin measured (for example, four separate wavelengths 
to measure oxyhemoglobin, reduced hemoglobin, methemoglobin, and carboxyhemo- 
globin). However, this technology is not yet available for continuous in vivo bedside 
monitoring. 

4.5.2 Dual Oximetry 

One technology that is becoming more available is dual oximetry. 86 This method mea¬ 
sures Sa0 2 and SvO z in real-time. It further integrates the data to allow calculation of the 
ventilation-perfusion index, estimation of Qsp/Ot and analysis of 0 2 extraction, and uti¬ 
lization. 


5.0 IMPEDANCE PNEUMOGRAPHY _ 

The first clinical use of thoracic impedance to monitor respiratory effort occurred in the 
1960s with the recognition of prolonged apnea as a frequent problem for preterm in¬ 
fants. 87 The continuous recording of breathing patterns to document the behavior of in¬ 
fants at all ages was introduced in the 1970s. 88 The possibility to track all the physiologic 
variations created as breathing is generated by the complex interaction of the chest and 
abdomen in different body positions and sleep states. 89 The capacity to document the vol¬ 
ume of ventilation is increasingly seen as a clinical need for patients of all ages, beyond the 
capacity of devices that create a simple estimate of breathing frequency. This has been ap¬ 
parent as breathing is monitored in adult patients after depo-narcotic anesthesia, and after 
withdrawing artificial ventilatory support in patients of all ages. 90 

While a number of respiratory-effort transducers have been devised (Table 5.1) 
practical considerations in the clinical environment initially has resulted in widespread 
use of thoracic impedance, principally because electrodes for electrocardiography are 
already in place. Thoracic impedance is usually detected between two ECG electrodes by 
passing a constant high frequency (20 to 100 kHz), low amperate current (<100 
microamps) in a modified Einthoven Lead I or II position. 94 / 96 Despite its limitations, this 
somewhat imprecise technology has achieved wide clinical acceptance in equipment used 
to monitor patients in North America. 91 
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Figure 5.1— Respitatory impedance as a vector. 
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Table 5.1—Different types of respiratory effort transducers. 


Respiration Effort Transducers 

Air Flow Transducers 

Thoracic impedance 

Pneumotachometer 

Pneumatic tube 

Hot wire anemometer 

Magnetometers 

Ultrasound 

Inductive belt 

C0 2 [differential (qualitative) and tidal C0 2 ] 

Mercury in rubber gauge 

Thermistor 

Electrolyte in rubber gauge 

Pressure capsule 

Mattresses (pneumatic, capacitance, electric) 


Thoracic impedance monitors have limitations in accurately depicting tidal vol¬ 
ume, either as the actual volume ventilated effectively or the "volume" of respiratory ef¬ 
fort generated against obstruction or restriction of air movement. 92 Most currently em¬ 
ployed respiratory effort monitors focus on, at most, one of the two interacting body com¬ 
partments that create the tidal volume. 93 Because the principle path of the current gener¬ 
ating the impedance signal is superficial, it has been difficult to obtain an accurate indica¬ 
tion of breathing volume even in those monitors using a lead II position. 94 In addition, 
ECG electrodes are most often in the position for optimal depiction of the QRS voltage 
while breathing patterns play a secondary role in virtually all adult CCUs and ICUs. 

Many neonatal intensive care units in Europe use separate, disposable abdominal 
transducers of respiration in addition to ECG electrodes 95 In both North America and 
Europe, most sleep physiology, pulmonary and neurodiagnostic centers have used trans¬ 
ducers around both the thoracic and abdominal compartments. 96 This section describes in 
detail the theoretical and practical aspects of thoracic impedance measurement simply 
because of its current widespread use in bedside clinical monitors. 

5.1 Impedance 

5.1.1 Methodology 

Impedance can be described (Figure 5.1) as a vector composed of capacitance and resis¬ 
tance. 97 The output of a bridge circuit is proportional to the change in impedance when 
the impedance (and phase angle) of resistance and capacitance are equivalent to those 
of the patient's impedance. With the constant current circuit, the output voltage is linearly 
proportional to the patient's impedance and the change in impedance. In an in-vitro cell 
of simple exact geometry, the impedance of a homogenous aqueous solution detected by a 
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Figure 5.2— Relationship of elastic tubing and 
frequency. 
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Figure 5.3— Transducer made of a pair of tubes in 
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tetrapolar circuit gives a very accurate indication of the distance between the sampling 
electrodes at a frequency of 5000 Hz. Variations in salt concentration produce altered re¬ 
sistivity, but do not affect the measurement of the cell constant, especially in the ranges 
that commonly occur clinically. The major limitations in applying this precise measure¬ 
ment in the body are the effects of a complex geometry and the presence of multiple, non- 
homogenous current pathways. 98 

5.1.2 Elastic Transducer 

If a long thin column of electrolyte is captured in an elastic tubing the relationship to fre¬ 
quency variations is more complex (Figure 5.2). This illustration shows the marked at¬ 
tenuation in signal dimension that occurs with increased frequency in the long narrow 
pathway within an elastic transducer filled with a highly conductive aqueous gel. The 
transducer was in series with a megohm resistor and a square wave signal of 20 volts p-p 
was used to produce the voltages recorded. Notice the variations in signal amplitude as 
the transducer is stretched from 22 cm to 28 cm in length at 1.0 kHz and 100 kHz. 

Interestingly, at a fixed frequency with the correct range of tubing length and di¬ 
ameter, the impedance will vary linearly as the tubing length (cell distance) is increased. 
This has been demonstrated in a new form of transducer that gives a linear change in im¬ 
pedance when stretched from 1 % to over 50% of its original linear dimension. 99 In Figure 
5.3 the impedance of a pair of transducers in parallel shows a linear response to stretch 
and no interference generated by the second pathway in producing an exact relationship 
with stretch. The circumference change needed to characterize the full vital capacity (larg¬ 
est tidal volume, or 8 to 9 liters) will create no more than a 9-cm stretch on such a trans¬ 
ducer. This transducer would allow the absolute dimension of the chest or abdomen to be 
monitored without a need to AC-couple the signal. This contained and more controlled 
use of impedance may allow for the development of respiration sensors that are quantita¬ 
tive, calibrated, non-toxic, non-restrictive, and inexpensive. Only a transducing technique 
with significant advantages in all five areas will displace the use of thoracic impedance 
measurements, despite the limitations in the technique. 

5.1.3 Thoracic Tissue 

Unfortunately, when the current is transmitted directly through the extremely complex 
and changing pathways in the human chest, the quantitative aspects of the signal are of¬ 
ten lost. There is theoretical and experimental evidence to suggest that much of the usual 
variation of 0.1 to 5 Ohms that represents the signal of breathing effort on a base signal of 
500 to 1000 Ohms is actually due to chest wall distortion rather than the direct measure¬ 
ment of lung expansion. 100 This is often due to uncontrollable physiologic variation in the 
tissue pathways that increase or decrease the signal amplitude independently of the 
amount of air being moved in and out of the lungs. 101 Figure 5.4 indicates that a large por¬ 
tion of the current created when thoracic impedance is measured actually travels in the 
chest wall. 

5.1.3.1 Basal Impedance 

The commonly seen base impedance using standard pediatric or adult ECG electrodes is 
approximately 500 Ohms for patients of all body sizes. 102 This observation leads to the 
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Figure 5.4— Current paths around and through the 
thoracic. 

Base 

Procedure Impedance Variation 


Artificial ventilation 
Saline into trachea 
Massage chest 
Withdraw saline 
Open chest and 
remove heart & lungs 


soon 

in 

42511 

in 

425-43011 

sn 

490n 

in 

57011 

— 



Figure 5.5 — Common bipolar electrode arrangement. 



112 






Spacelabs Medical: RESPIRATION 


conclusion that chest wall thickness is appropriately increased as the transthoracic diam¬ 
eter increases with body size. If the measurement were dependent simply on the shortest 
direct physical path across the chest the same base impedance would not be observed in 
patients of widely different body sizes. This base impedance is also very dependent on the 
circuit-skin interface and increases markedly as the electrode contacts become "dried 
out". The capacitative component of the signal in human tissue has only been docu¬ 
mented in a few articles. 103 

5.1.3.2 Bipolar Electrode 

Figure 5.5 depicts a common bipolar electrode attachment for measuring thoracic imped¬ 
ance. The initial base impedance is about 500 Ohms through standard ECG electrodes in a 
modified lead I configuration. The signal is generated by a constant-current source at a 
frequency of 20,000 to 100,000 Hz with many monitors using values near 30,000 Hz. Mul¬ 
tiple sites for attachment have been investigated, and the best correlation to tidal volume 
for seated adults occurred with an anterior-to-posterior attachment rather than the modi¬ 
fied lead I or II usually used. 104 Not only is that anterior-posterior placement a non-stan¬ 
dard ECG lead attachment; it is also far less comfortable for supine adult patients, so it is 
seldom employed clinically. It is also possible that using any pair of thoracic sites for a 
horizontal subject would not produce the same degree of correlation with the tidal vol¬ 
ume that was seen in seated adults (Section 5.2). 

5.1.3.3 Tetrapolar Electrode 

Tetrapolar systems have been designed to reduce the complex effects from electrochemi¬ 
cal reaction within the tissues at the electrode-skin interface by separating the activation 
and detection sites. 105 While a number of experimental approaches have been described, 
so far the advantages necessary to guarantee clinical acceptance of this more expensive 
and complex attachment have not been apparent. The signal detection problems with 
these systems are complicated by a significant reduction in signal strength. 106 

5.1.4 Other Uses of Impedance 

The increase and decrease of blood in the path generating the thoracic impedance signal 
will produce a change with each heart beat. 107 Using alternative electrodes and a cepha- 
lad-to-caudad placement, some clinical researchers have achieved a degree of success in 
analyzing this pulse dimension and calculating a relationship with cardiac output. 108 
Body composition and imaging have been attempted by impedance analysis. This is 
achieved without electrode contact by analyzing the pattern of disturbance in an electro¬ 
magnetic field or saline bath. 109 The transmission of signals across the lower extremities 
has successfully been used to estimate peripheral limb blood flow and blood vessel varia¬ 
tions. 110 While these techniques have been of interest for research, no routine volumetric 
clinical use of the signals has been employed except for peripheral blood flow. Whatever 
potential value may exist for the cardiologist, the cardiovascular component of the imped¬ 
ance signal is an artifact in a respiration circuit and a major source of error. 111 
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5.2 Physiology of Breathing in Relation 
to Impedance Pneumography 

As described in Section 1.0, several midbrain and medullary centers produce the neural 
output to stimulate breathing activity. 112 These impulses travel over the appropriate cra¬ 
nial, phrenic, intercostal, and vertebral nerves to affect the tone of muscles that stabilize 
the airways and alter the compliance of the chest and abdomen. 113 - 114 These centers also 
signal the intermittent contractions that cause the expansion of either, or both, of these 
muscle-encased body compartments in order to expand the lungs. 115 The condition and 
response of this wide range of muscle groups will determine the adequacy of breathing. 
The most basic coordination of this activity is often not present for weeks after preterm 
birth. 116 The more stable breathing reflexes of term infants gradually develop and change 
toward a normal adult pattern of response. 117 

The three major muscles of breathing effort are: the diaphragm, the intercostals, 
and the anterior abdominal wall. The diaphragm is the principle muscle used in quiet 
ventilation. 118 The body compartments expanding as the diaphragm contracts will be al¬ 
tered by body position as in Figure 5.6. The fraction of the tidal volume causing expansion 
of the chest is large (40% to 60%) when the adults studied were seated, and became small 
(10% to 30%) compared to a much larger abdominal expansion that occurs when they are 
in a horizontal position. 118 

Movement of the chest and abdomen with inspiration occurs in three patterns: 
1. When the subject is erect or seated, the anterior abdominal wall is firm and expansion is 
principally at the chest. 2. As the abdominal tone relaxes during horizontal breathing 
when awake or in quiet sleep, inspiration occurs at both the chest and abdomen, but prin¬ 
cipally the abdomen. 3. In horizontal breathing in active or REM sleep, or even more com¬ 
pletely with airway obstruction, the abdomen generates much more change in volume 
than indicated by the tidal volume of gas moved. 119 

In the third pattern, the volume of gas displacement is reduced by a negative, pas¬ 
sive inward movement of the chest wall, reducing the amount of chest volume available 
for lung expansion as the diaphragm contracts on inspiration. This occurs when the inter¬ 
costal muscle tone supporting the chest is reduced during REM sleep, or if the diaphrag¬ 
matic contraction with significant airway restriction or obstruction exceeds the intercostal 
activity supporting the chest wall. 120 In Figure 5.7 fdonma and associates illustrate that in¬ 
fants in non-rapid eye movement (NREM), or quiet sleep, have steady muscle tone in the 
intercostals, and there is coordinated breathing of chest and abdomen. 93 In rapid eye 
movement (REM) sleep, the breathing effort of the diaphragm pushes out the abdomen; 
but since there is a decrease in intercostal tone, the chest collapses inward reducing the 
size of the actual tidal volume by 20% to 50% or more. This is even more marked with 
complete airway obstruction. 

5.3 Definitions of Disturbed Ventilation 

Minute ventilation and the functional residual capacity will be reduced below the level 
that sustains arterial 0 2 saturation, or clears carbon dioxide, with major decreases in ven¬ 
tilation frequency, regularity, or volume. A standard set of definitions for effective and 
ineffective breathing effort, hypopnea, reflex bradycardia, arterial hypoxia, hypercarbia, 
and the measurement of all three forms of apnea has been proposed. 121 
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5.3.1 Apnea 

Apnea is the absence of ventilation and is abnormally long if it exceeds 15 seconds. 
Shorter events, especially 10-12 seconds and less in duration, are commonly seen in most 
infants studied in sleep. 122 

Airflow may cease with: 

Central apnea - absence or suppression of the signal stimulating the inspiratory mus¬ 
cles of respiration (Figure 5.8). 

Obstructive apnea - respiratory effort without maintaining an open airway (Figure 
5.9). 

Mixed apnea - a single event composed of contiguous central apnea and intervals of 
obstruction or ineffective breaths (Figure 5.10). 

Apnea is a common symptom seen with a number of primary conditions affecting 
infants, especially severe infections and following anesthesia in preterm infants who have 
reached 37 to 44 weeks post-conception. 122 It is also found as an independent condition 
that frequently occurs with prematurity and a very small fraction of term infants experienc¬ 
ing an apparent life threatening event (ALTE) in the first months of life. 123 Treatment with 


Figure 5.8— Central apnea during quiet sleep. 
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Figure 5.9— Obstructive apnea, 24 seconds long 
with all effort sensors failing to detect the changi 
airflow. 
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Figure 5.10— Mixed apnea: 18-second central apnea 
followed by 30 seconds of ineffectual and de- 
structed effort. 
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medication and/or observation with monitors designed for home use are most commonly 
required for a few weeks after the presentation. 124 The goal is to confirm the gradual re¬ 
pair or maturation of breathing centers generating periods of defective breathing fre¬ 
quency under stress. This course is more severe and carries a greater risk of death if sei¬ 
zures or severe airway obstruction are part of the infant's pathophysiologic behavior. 125 

5.3.2 Periodic Breathing 

Periodic breathing is composed of three or more central or mixed apneas 4 to 15 seconds 
long with each separated by no more than 20 seconds of stable regular breathing. 126 It is a 
frequent pattern in preterm infants and a third of normal term infants manifest short runs 
of periodic breathing in the first weeks after birth. 127 Periodic breathing is not seen in nor¬ 
mal adults at sea level, but may occur with disturbed metabolic states such as 
ketoacidosis, anemia, or hypoxia. 128 It becomes increasingly common for mountain climb¬ 
ers sleeping at higher altitudes and while they are awake, at extreme altitude. 129 The pat¬ 
tern appears as a pathophysiologic change with progressive hypoxia and hypercarbia for 
a very small number of term infants (Figure 5.11), and a larger proportion of developing 
preterm infants approaching term post-conceptional ages. 130 

Periodic breathing is observed with residual lung disease after an acute pulmo¬ 
nary illness producing lung damage and is associated with very large fluctuations (30 to 
40%) in breath-to-breath pulse 0 2 level. There is also an elevated ETco 2 plateau above 50 
torr or mm Hg. The hypoxic drop in saturation is rapidly raised when the lyng expands in 
the next cycle of breathing. This infant's periodic breathing disappeared with a low level 
of 0 2 therapy. After an additional month of healing the same periodic breathing pattern 
produced no more than a 6% to 8% drop in breath-to-breath 0 2 saturation. Use of a stan¬ 
dard 5 to 6 second averaging interval would cause dampening of this oscillation and the 
oximeter would miss this pattern. Impedance monitors designed to detect prolonged runs 
of periodic breathing must accurately detect each short (4 to 15 second) breathing pause, 
and document breathing for the less than 20-second interval between pauses. 

5.3.3 Hypopnea 

The other important pattern of inadequate ventilation is hypopnea, or the inadequacy of 
ventilatory volumes with normal or near normal breathing frequency. Hypopnea (Figure 
5.12) is the presence of breathing effort that is inadequate to clear arterial C0 2 at the rate 
produced, so that P a C0 2 rises and arterial 0 2 saturation usually falls. Primary hypopnea 
(Central Hypoventilation Syndrome) is detected at an early age in a very few individuals 
as a developmental defect or delay. There is a reduced breathing response to increased 
levels of CO z both when awake and, most markedly, in sleep. 131 

Hypopnea can also occur at a later age with any level of consciousness as the re¬ 
sult of lung damage or muscle disease, and it again is most often worse in sleep. 132 This 
name implies deficiency in ventilation without total absence of ventilation for any sus¬ 
tained interval, and little or no evidence of obstruction. Often the respiratory rate is nor¬ 
mal and the tidal volume is simply inadequate. Both the tidal volume and rate response to 
added inspired C0 2 during each level of sleep are usually present but inadequate. 133 

Hypopnea can only be detected by measuring minute ventilation, coupled with 
changes in C0 2 or 0 2 that are sustained or progressively abnormal over minutes. Treat¬ 
ment usually requires a tracheostomy and artificial ventilation, or diaphragmatic pacing 
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Figure 5.11 — Periodic breathing. 
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with sleep. Medical therapy is occasionally successful as well. 134 These invasive therapies 
are often needed to avoid life-threatening cardiopulmonary complications and possible 
sudden death in sleep. 135 

The transient shifts in C0 2 or 0 2 following acute apneas are not usually long 
enough to be regarded as hypopnea. After many apneic events, the onset of breathing will 
be associated with elevated breathing rate and tidal volume suggesting an appropriate 
response to the C0 2 accumulation during the acute cessation of ventilation (Figure 5.10). 
By implication, the apnea for these patients may be caused by an overriding inhibitory 
signal that transiently suppresses normal breathing. Other patients appear to have more 
complex combined defects in both C0 2 response and pattern of breathing. 136 

5.4 Limitations in Impedance Monitoring 

While thoracic impedance is widely used clinically, there are a number of limitations in 
the signal that restrict its usefulness and precision. 

5.4.1 Physiologic Constraints 

As seen in Figure 5.4 and Table 5.2, the current between the two electrodes on the chest 
will follow a number of parallel paths with the greatest flow going through the tissues of 
lowest resistance. The blood and muscle layers of the chest wall, especially the large muscle 
groups over the back, represent the path of a large portion of the transmitted signal. 
Because of the extreme resistance of air, less than 1 % of the base signal is estimated to 
traverse the lung to be influenced by the spacing and distortion of tissue fluid and blood 
volume reoriented by the entering air. Because air is extremely non-conductive there is no 
direct relationship to the air volume even in that small signal fraction. 


Table 5.2—Tissues in the Chest Region Listed in Ascending Order According to Electrical Resistivity 


Estimated Percent of Transmitted Signal 

Blood 

45% 

Muscle 

35% 

Bone 

15% 

Fat 

5% 

Air 

1% 


As described by the sequence seen during the animal experiment described in 
Section 5.1.3, the base signal and much of the variation in the respiration signal is virtually 
all due to changes in the volume and thickness of the pathways in blood, muscle and bone 
in the posterior chest wall. Next in significance is the anterior chest wall, the intrathoracic 
vessels, heart and blood forming a bridge through the lung, and lung tissue and air. 137 
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Figure 5.12 — Hyponea, the three segments reflect the breathing 
effort changes. 
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5.4.2 Cardiovascular Artifacts 

Not only does the expansion and contraction of the chest cavity create impedance change, 
but so does the physical pumping of the heart and possibly the flow of blood through the 
vasculature of the chest, otherwise known as cardiovascular artifact. Clinically, a patient 
could be apneic, but a waveform representing impedance changes may still be present. 

With the usual chest placement for electrodes, the depiction of the cardiovascular 
artifact is complicated by the fact that there are two components associated with each QRS 
complex (Figure 5.13). The illustration shows a segment of breathing in quiet sleep with 
minimal chest excursions and ample abdominal breathing. The cardiovascular artifact 
associated with each QRS interval is as large as the small thoracic signal showing breath¬ 
ing effort. Notice the two distinct components to each cardiovascular artifact. Wave 1 and 
wave 2 may change in relative dimension, in our experience, as a patient is moved from 
prone to supine position. 138 This implies that cardiac blood may not be a major source of 
the cardiovascular artifact. 

It is possible that the two components of the cardiovascular signal superimposed 
on thoracic impedance may be due in large part to the dual peripheral arterial sources for 
blood flow to the chest wall, the mammary artery anteriorly and the vertebral arteries pos¬ 
teriorly. These two sources of flow may arrive out of phase and in different relative vol¬ 
umes at a chest skin site depending on supine or prone position of the patient. At the cur¬ 
rent time this is simply a speculation that explains the appearance of our data and the 
changes in signals associated with changing body position. 

The acquisition device used to record the test signals shown in this section was 
linear from 0.01 Hz to 7.0 Hz, and as a result, accurately reproduced behavior not seen 
with most commercial equipment. A signal source similar to this would be needed in order 
to design and test monitors to be used for clinical purposes; however, this type of unit has 
not always been available as a source of the test signals used by many manufacturers. 

5.4.3 Signal Management 

The ability to provide a useful estimate of breathing frequency is complicated by the mul¬ 
tiple sources for signal variation with non-ventilating movements and cardiovascular ac¬ 
tivity. Figure 5.14 shows the failure of a respiration monitor to alarm for a prolonged ap¬ 
nea because of the false triggering of the respiration circuit on cardiac waves during cen¬ 
tral apnea. 

Some monitors employ a filter to enhance detection of true apnea. Such filters 
watch for a coincidence of impedance waveforms and electrocardiographic activity. If the 
waveforms coincide for a specified number of heart beats, the monitor assumes the im¬ 
pedance waveform is actually due to cardiovascular artifact and the apnea alarm is acti¬ 
vated. In cases where the patient's heart rate and respiratory rate are actually identical, the 
filter can be disabled. 

There are no standards for the frequency response, precision, and reliability of 
signal reproduction, or even the polarity of voltages produced to represent changes in 
thoracic impedance. Because of apparent signal distortion, interference, and suboptimal 
algorithms for detecting breathing and apnea, some currently distributed monitors detect 
50% or less of carefully reproduced real central apnea events while producing false alarms 
at a high rate (>30 / hour) during standardized testing procedures. Apnea alarm reliability 
among the 15 models tested and reported most recently was <10% apneas recognized, for 
the worst, to over 98%. 139 
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5.4.4 Equipment Limitations 

Independent of the physiologic limitations placed on the existing monitors, some equip¬ 
ment is not well suited to the task of detecting and displaying breathing activity because 
of compromises in design. There are no current standards for the electronics depicting 
thoracic impedance. This means that the signals created by each manufacturer's circuit 
have unique limitations in displaying the occurrence of breathing effort and in detecting 
breathing or apnea. 

5.5 Summary 

There are apparent differences in the degree of success that individual manufacturers 
have achieved in designing apnea alarms in current monitors. Some of the circuitry of 
early respiratory effort detecting devices has been shown to miss much or even most of 
the abnormal activity it was designed to detect. 

Fortunately these commercial systems are continually being modified and im¬ 
proved, but at this time the most recent effort to grade equipment response would suggest 
that the buyer of equipment for either the hospital or out-of-hospital market should 
understand its limitations. While thoracic impedance has been far from a perfect means of 
translating respiratory activity, much has been learned even with the limited methods at 
hand. 


6.0 CAPNOGRAPHY AND 

_ GAS MONITORING _ 

The lungs serve as the primary site for the elimination of carbon dioxide (C0 2 ) from the 
body. The CO z produced from metabolism is transported to the lungs and released dur¬ 
ing normal breathing. The lungs also offer an efficient route for drug administration, par¬ 
ticularly in the operating room. Volatile anesthetic (inhalational) agents such as halothane, 
enflurane, and isoflurane can be administered by a vaporizer connected to the anesthesia 
circuit. The anesthetic agent is inhaled into the lungs and transferred to the blood stream 
as a result of the pressure gradient between the airways (alveoli) and the blood. 

Because of the efficiency of the lungs in eliminating C0 2 and taking up anesthetic 
agents, monitoring the concentration of C0 2 capnography and anesthetic agents in the 
respiratory gases can provide the clinician with a reliable, noninvasive assessment of ven¬ 
tilation and anesthesia administered during surgery. These physiologic relationships pro¬ 
vide the basis for respiratory gas monitoring. This section presents the principles of 
capnography and anesthetic gas monitoring and a description of the various technologies 
available to noninvasively monitor ventilation and anesthetic delivery. 

6.1 Capnography 

Capnography, which is the measurement of C0 2 tension in gas in the airways, was first 
introduced in 1975 by Smalhout and Kalenda. Since then it has become a routine method 
for evaluating the adequacy of ventilation in patients undergoing surgery. The technique 
can also be used to monitor ventilation of patients in the recovery room after surgery and 
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in the intensive care unit. Capnography provides a direct measure of the C0 2 concentra¬ 
tion in the gases going into and out of the lungs. The C0 2 level can be assessed during the 
entire respiratory cycle and then displayed digitally or as a waveform on an oscilloscope 
as C0 2 concentration versus time. 

Capnography has several advantages over other ventilation monitoring tech¬ 
niques. It does not require a blood sample and therefore eliminates the risk of needle 
sticks and exposure of the health care worker to potentially contaminated blood. 
Capnography can be performed continuously, providing information about inspired and 
expired C0 2 concentration. The data can be displayed on an oscilloscope to provide the 
clinician with a graphic display (a capnograph) of C0 2 concentration or tension (partial 
pressure) over time. The information displayed can be used to evaluate the effectiveness 
of lung function. The instrument also provides a measure of the end-tidal partial pressure 
of C0 2 (P ET CO,), which is often a reliable estimate of the arterial C0 2 (P a C0 2 ). Changes in 
C0 2 production (VCO,) can also be assessed by evaluating changes in P ET C0 2 when the 
minute ventilation is constant. 

A capnometer is an instrument that measures C0 2 levels in the lung during the 
respiratory cycle. The instrument can graphically display a waveform for the C0 2 con¬ 
centration or tension (PC0 2 ) of gas in the airways during each breath. This graphic wave¬ 
form display is known as a capnogram (Figure 6.1). 

6.1.1 Gas Analysis 

The carbon dioxide concentration in the airways of the lung can be measured using a 
number of technologies. The techniques currently available for clinical use include mass 
spectrometry, Raman spectrometry, and infrared (IR) absorption spectrophotometry. 

6.1.1.1 Mass Spectrometry 

Mass spectroscopy utilizes the relationship between the molecular charge and the mass of 
substances to determine their concentration. The mass spectrometer is a magnetic sector 
analyzer (Figure 6.2). It employs a sampling system to aspirate gas from the patient to the 
mass spectrometer. The gas sample diffuses into a high vacuum chamber in which an 
electrical field ionizes the sample into unique ion fragments. The ion fragments are then 
propelled through a magnetic field into a dispersion chamber where they separate accord¬ 
ing to mass and charge. The charged particles impact detector plates placed at specific lo¬ 
cations that correspond to molecules of specific mass. The detector plates generate electric 
current. The total number of all plates impacted is proportional to the gas concentration. 

For operating room use and other selected applications, mass spectroscopy is pre¬ 
ferred because the technique allows monitoring of multiple respiratory gases in addition 
to C0 2 . The mass spectrometer can monitor concentrations of 0 2 , C0 2 , nitrogen, and vola¬ 
tile anesthetic agents (Section 6.2.1). The mass spectrometer is usually shared by multiple 
intrahospital sites, for example, operating rooms. It samples gas from each location se¬ 
quentially, reporting the measured concentrations of the various gases and agents for 
each patient monitored. 

The major advantages of mass spectrometry are its accuracy, response time, and 
ability to differentiate among multiple gases. The primary disadvantage of the mass spec¬ 
trometer as a CO z monitor is that the instrument is generally shared among multiple hos¬ 
pital locations, samples gases intermittently, and does not provide a continuous record of 
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C0 2 concentration over time. These limitations undermine its value as a monitor of rap¬ 
idly changing conditions, such as inappropriate endotracheal tube placement or a poten¬ 
tial catastrophic cardiopulmonary event such as a pulmonary embolism which might oc¬ 
cur in the operating room or intensive care unit. Mass spectrometers are also expensive to 
purchase and maintain and are not transportable. Another problem with this instrument 
is that nitrous oxide and C0 2 have nearly identical gram molecular weights, which could 
prevent specific identification of each compound. This difficulty is overcome by ionizing 
N z O to N z O + and ionizing CO z to C0 2 + . 

6.11.2 Raman Spectrometry 

Raman spectrometry uses the Raman effect to analyze the concentration of respiratory 
gases. Raman scattering occurs when photons from a laser beam collide with gas mol¬ 
ecules. The collision between the light (photons) and the gas molecules slows down the 
photons, resulting in a change in color caused by an increase in wavelength. The change 
in frequency is specific to each molecule present in the sample. The wavelength shift and 
amount of scattering can be used to determine the constituents of a gas mixture. 

A sample cell in commercially available systems based on Raman scattering con¬ 
tains 6 milliliters of gas. The instrument samples gas from the breathing circuit at 200 
milliliters/minute. The sample cell is placed between the plasma tube and the output 
mirror of an air-cooled 40 mW argon laser. Lenses collect the scattered light while interfer¬ 
ence filters select Raman lines corresponding to the gases present in the cell. Raman 
scattering is not limited to polar gas species. Carbon dioxide, 0 2 , nitrogen, H 2 0 vapor, 
nitrous oxide, and volatile anesthetic agents all exhibit Raman activity. Photomultiplier 
tubes and a microcomputer produce simultaneous readings of the gas concentrations. A 
variety of types of laser have been used for Raman spectrometry; argon lasers are currently 
used in the commercially available Raman spectrometers. 

Raman frequency shift peaks in wave numbers for the respiratory gases are as fol¬ 
lows: C0 2 at 1285 and 1388 cm 1 ,0 2 at 1555 cm- 1 , nitrogen at 2331 cm- 1 , and H z O vapor at 
3650 cm 1 . The size of the peaks at each of these frequencies gives an absolute measure of 
the concentration of the gas present in the sample cell. 

Raman spectrometry is very efficient, although somewhat more expensive than 
other currently available technologies for measuring concentrations of C0 2 and anesthetic 
agents. The Raman scattering analyzer has some disadvantages when used in the clinical 
setting. The argon laser has a high power requirement and the laser source is expensive 
and has a limited life span. In an attempt to reduce the power needs and the cost associ¬ 
ated with Raman spectrometers as well as to simplify the use of the instrument, lasers 
other than argon have been evaluated. 

The Raman sample cell operates at approximately atmospheric pressure. It uses a 
sidestream sampling system which is affected by changes in the size and length of the 
sampling catheter and cuvette pressure. The method therefore does not work well if long 
sample tubing is required because of the pressure drop that occurs in long lines. The 
Raman analyzer is also sensitive to H z O vapor in the sample cell because it measures cell 
partial pressure variation. The accuracy of the instrument is reduced as H 2 0 accumulates 
in the cell. 
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Figure 6.3 —Infrared absorption spectra for carbon 
dioxide, water, and nitrous oxide. 
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Figure 6.4— Nondispersive double-beam positive 
infrared capnometer. 
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6.1.13 Infrared Spectrophotometry 

Nondispersive infrared (IR) absorption spectrophotometry is the most frequently used 
method for monitoring C0 2 concentrations in the operating room, recovery room, and in¬ 
tensive care units. Infrared spectrophotometry employs the principle that different gases 
absorb infrared light at different wavelengths. Since C0 2 absorbs IR light at a known 
wavelength, the concentration of C0 2 can be determined using IR spectrophotometry. As 
a known spectrum of IR light passes through a gas sample, the amount of IR light ab¬ 
sorbed is proportional to the concentration of C0 2 present in the sample. The amount of 
IR light absorbed by the C0 2 is compared to a known C0 2 -free sample to calculate the 
amount of C0 2 present in the sample. The absorption peak for C0 2 is 4.26 micrometers. 
This absorption peak lies between the two IR absorption peaks for H 2 0 (Figure 6.3). The 
peaks for N 2 0 and carbon monoxide (CO) are so close to the peak for C0 2 that interfer¬ 
ence can occur. Another problem with the infrared capnometer is called pressure (or col¬ 
lision) broadening in which collisions between C0 2 and other gases affect the infrared en¬ 
ergy absorption of C0 2 . This problem can be overcome by applying known correction fac¬ 
tors that adjust for the presence of gases other than C0 2 . 

Infrared capnometers use one of two techniques for analysis of gas contents. The 
nondispersive double-beam positive-filter capnometer has a reference cell, a sample cell, 
and a detector filled with C0 2 (Figure 6.4). Radiation that comes through the reference 
and sample cells affects the absorption of C0 2 in the detection chamber. The C0 2 in the 
sample cell decreases the radiation transmitted to the detector. The increased radiation 
transmitted from the reference cell compared to that transmitted from the sample cell pro¬ 
duces movement of a diaphragm. The amount of movement of the diaphragm correlates 
with the amount of C0 2 present in the sample cell. Interference from N z O is removed by a 
filter that absorbs radiation from the N z O absorption band. A chopper periodically per¬ 
mits measurement of the reference signal, the sample signal and a dark signal, that is nei¬ 
ther the reference nor sample signal. 

A single-beam negative-filter capnometer directs an infrared signal through a 
sample cell to a detector, passing through a chopper wheel (Figure 6.5). The chopper 
wheel has two cells, one containing CO z and a second containing N 2 . The ratio of the two 
detected signals is used to calculate the CO z concentration, a technique operating in main¬ 
stream capnometers (Section 6.1.2.1). With this technique, a sample chamber on the air¬ 
way serves as a reference cell. During inspiration, the instrument assumes that C0 2 -free 
gas is being inspired. In the presence of C0 2 rebreathing, this type of device does not pro¬ 
vide an accurate measurement of C0 2 . 

A chopper is part of most infrared capnometers. For the double-beam 
capnometer, the chopper allows a common source and detector to be used. It also pro¬ 
vides an alternating signal from the reference and sample cells. Finally, it produces a null 
signal from either the sample or reference cell to help eliminate drift and interference. 

Many infrared capnometers require calibration at regular intervals. To calibrate 
the instruments, a gas mixture containing a known C0 2 concentration (usually 5% C0 2 ) is 
used. Most instruments must also undergo zero calibration with C0 2 -free room air. The 
infrared capnometers should have an accuracy of ± 12% or ± 4 mm Hg (0.5 kPa). Some of 
the newer infrared capnometers do not require user calibration. 
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Figure 6.5— Single-beam negative-filter infrared 
capnometer. 
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Figure 6.6— Mainstream capnometer. (a) diagram¬ 
matic relationship of the components of a main¬ 
stream capnometer; (b) schematic representation of 
airway adaptor and CO, transducer. 

(a) Components of a mainstream capnometer 



(b) Airway adaptor and CO 2 transducer 




133 







ti i!) id a 





Spacelabs Medical: RESPIRATION 




6.1.2 Gas Sampling Techniques 

Caprvometers analyze the concentration of C0 2 in the gas sample using one of two sam¬ 
pling techniques: either the mainstream (in-line) within an airway adaptor in the breath¬ 
ing circuit, or the sidestream (diverting) technique in which a sample of gas is aspirated 
into the capnometer where the gas concentrations are measured. 

6.1.2.1 Mainstream Capnometers 

Mainstream analyzers use a transducer located on an airway connector placed in the pa¬ 
tient breathing circuit (Figure 6.6). The mainstream instruments generate a capnogram al¬ 
most immediately. The transducer contains both the IR light source and a photodetector, 
which must be heated to approximately 40 degrees centigrade to prevent condensation 
from accumulating on its window. Since the analysis of the gas concentration occurs in 
the airway adaptor, mainstream capnographs have a rapid response time, often under 
one-half second. 

The airway connectors for mainstream capnometers are relatively large and 
heavy, adding as much as 15 milliliters of dead space and 2 to 3 ounces of weight to the 
patient's airway with the transducer in place. Transducers have to be carefully supported 
to prevent the endotracheal tube from kinking or becoming dislodged. They also must be 
handled with care to prevent damage to the light source or photodetector. The main¬ 
stream sampling technique cannot be used in nonintubated patients. 

6.1.2.2 Sidestream Capnometers 

The sidestream capnometer, also called an aspirating or diverting capnometer, withdraws 
gas from the patient's airway through narrow bore tubing to a sample-measuring cham¬ 
ber inside the capnometer. A sampling tube, free of leaks and impermeable to C0 2 , and an 
aspirating system are required to actively aspirate gas to the capnometer (Figure 6.7). The 
sampling tube must have a small internal diameter, usually no greater than 2 millimeters 
to allow for rapid, linear withdrawal of gas without creating turbulence. Gas analysis oc¬ 
curs in the capnometer, which contains the light source and a photodetector. The sam¬ 
pling for a mass spectrometer employs a sidestream sampling technique. 

Because the gas samples must be aspirated to the instrument, the transit time be¬ 
tween the initiation of gas sampling in the airway and the detection of the gas by the ana¬ 
lyzer can take as long as 2 to 3 seconds. The major determinant of the response time in 
sidestream analyzers is the sampling flow rate (SFR), the rate at which gas is aspirated 
from the airway to the instrument. Most sidestream capnographs have SFRs of 50 to 150 
milliliters/minute. The use of a flow that is too low results in artifact in the capnographic 
waveform. When using a sidestream capnometer, the aspirating tubing must be posi¬ 
tioned carefully to prevent air entrapment, which would contaminate the sample. When a 
sidestream device is used in the operating room, the capnometer must be equipped with a 
scavenging system to prevent contamination of the operating room environment with as¬ 
pirated anesthetic gases. 

The gas sampling from a sidestream analyzer can be affected by H 2 0 condensa¬ 
tion or airway secretions that accumulate in the sampling tube. These liquids can interrupt 
the flow of gas to the capnograph, producing an inaccurate measurement of C0 2 concen¬ 
tration. To prevent excess contamination from H 2 0 and secretions, sidestream 
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capnometers utilize H z O traps and a filter. Water-permeable Nalfion® tubing is also used 
by some manufacturers. Some instruments employ reverse flow or purge systems to re¬ 
move excess H 2 0 or mucus from the sampling line. 

Infrared spectrophotometry is relatively inexpensive and simple to use, particu¬ 
larly for measurement of C0 2 . The technique has been well-tested in the clinical environ¬ 
ment and has been readily accepted by clinicians. The instruments are easily transportable 
and easily calibrated. 

6.1.3 The Normal Capnogram 

The normal capnogram is illustrated in Figure 6.1. It has four components: the baseline, 
ascending limb, alveolar plateau, and descending limb. As exhalation begins (Figure 6.1, 
point A), the gas in the initial sample contains no C0 2 since it is the gas coming from air¬ 
ways which are not involved in gas exchange. The steep ascending limb (Figure 6.1, seg¬ 
ment A-B) represents the C0 2 concentration that is in the gas emptying the alveoli, the 
lung units in which gas exchange occurs. The C0 2 concentration remains relatively stable 
during this phase of exhalation (the alveolar plateau phase) (Figure 6.1, segment B-C) 
while gases from uniformly ventilated areas of the lung are exhaled. The end tidal C0 2 
concentration (P ET C0 2 ) is the point where the C0 2 concentration is usually the highest (Fig¬ 
ure 6.1, point C), representing the gas in the alveoli (P a C0 2 ) which most closely approxi¬ 
mates the arterial C0 2 tension (P a C0 2 ). The beginning of inspiration is signaled by the 
rapid descent on the waveform (Figure 6.1, segment C-D). Since inspired gas should con¬ 
tain no C0 2 , a baseline Pco 2 of 0 mm Hg will be measured, unless C0 2 rebreathing is oc¬ 
curring. 

The normal capnogram demonstrates a nearly constant Pco 2 during the plateau 
phase (Figure 6.1, segment B-C). The alveolar plateau is flat because the expired gas from 
all lung units have similar relationships between ventilation and perfusion of the lung. If 
the patient has significant maldistribution of ventilation, exhaled gas from various parts of 
the lung will have differing concentrations of C0 2 , since the C0 2 concentration from some 
airways will be low (representing dead space ventilation), while the C0 2 concentration 
from others will be high. In this situation the C0 2 waveform will have a slow, rising expi¬ 
ratory upstroke and may have no alveolar plateau (Figure 6.9). For the P EX C0 2 to represent 
the true alveolar CO z concentration, the capnogram must have a distinct alveolar plateau. 

6.1.4 Clinical Applications of Capnography 

6.1.4.1 Clinical Utility 

The capnogram and P ET C0 2 are useful monitors of the adequacy of ventilation and ventila¬ 
tion/perfusion relationships and provide an indication of the C0 2 production (VC0 2 ). 
Capnography, therefore, aids in monitoring patients in the operating room, recovery 
room, and in the intensive care units—to monitor healthy patients undergoing elective 
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surgical procedures as well as critically-ill patients with respiratory failure. Capnography 
provides valuable physiologic information and serves as an invaluable safety monitor of 
ventilation. This technique can confirm the correct placement of an endotracheal tube, as¬ 
sess the appropriateness of mechanical ventilatory support, and provide information 
about a patient's ability to tolerate weaning from mechanical ventilation and the presence 
of significant obstructive airways disease. Capnography can indicate when a patient is 
rebreathing expired CO, due to a faulty ventilator circuit or inadequate fresh gas flow. It 
has recently been used to monitor perfusion during cardiopulmonary resuscitation and 
may help determine the appropriate timing of hemodynamic pressure measurements. 

6.1.4.2 Endotracheal Tube Positioning 

The documentation of proper endotracheal tube placement can be confirmed by the pres¬ 
ence of CO, in the expired gases. If the esophagus is intubated accidentally or the prop¬ 
erly-placed endotracheal tube becomes dislodged, the P Fr CO, will suddenly drop to zero 
and the capnogram waveform disappear, since the CO, concentration in the stomach 
should approximate that in air. In cases of accidental placement of the endotracheal tube 
too far into the trachea, resulting in an endobronchial intubation, a capnogram will be 
noted, but the P FI C0 2 will be lower than expected. 

Capnography is also a useful monitor of endotracheal tube integrity and position¬ 
ing after initial placement. An abnormal capnogram will result if the endotracheal tube 
becomes kinked or obstructed. If the endotracheal tube becomes partially obstructed, (for 
example with thick pulmonary secretions), the CO, waveform will develop a slow, expi¬ 
ratory upstroke. Endotracheal tube cuff leaks can also be detected. The P |n C0 2 concentra¬ 
tion will be low because some of the exhaled gas leaks around the endotracheal tube and 
the CO, in that gas is not detected by the capnograph. If the patient is accidentally 
extubated, either because of a vigorous cough or as a result of a position change, the 
P Fr C0 2 value will suddenly drop as happens when the endotracheal tube is accidentally 
inserted into the esophagus. 

6.1.4.3 Mechanical Ventilation 

The capnogram provides useful continuous, noninvasive data about adequacy of ventila¬ 
tion in patients who require mechanical ventilatory support during surgery or in the in¬ 
tensive care unit. The P (a _ Fn CO : gradient (P 1 C0 2 -P l , I C0 2 ) can be used as a guide to titrate and 
determine the best level of positive end-expiratory pressure (PEEP) to use for those pa¬ 
tients who have poor oxygenation. The capnograph can also provide useful information 
about the return of diaphragmatic function after the administration of neuromuscular 
blocking drugs to patients in the operating room or intensive care unit. The presence of a 
negative cleft in the alveolar plateau (curare cleft) indicates partial return of muscle func¬ 
tion (Figure 6.8). The cleft reflects diaphragmatic contraction. 

For a patient being mechanically ventilated using the assist control mode of venti¬ 
lation, an inappropriate sensitivity setting can be diagnosed with the capnogram. If the 
sensitivity is set too high, spontaneous respiratory efforts generate a negative airway pres¬ 
sure that fails to result in a ventilator-assisted breath. The capnogram reveals a cleft dur¬ 
ing the alveolar plateau similar to that represented in Figure 6.8. 

The capnogram can diagnose and monitor maldistribution of ventilation during 
mechanical ventilation. In patients who have lung units with abnormal ventilation/perfu- 
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sion relationships, the capnogram can have a steeper slope throughout the expiratory 
phase and lose the normal alveolar plateau defined in Figure 6.1. The capnogram for 
patients with bronchospasm, for example, may not have a normal alveolar plateau because 
the alveoli are not emptying completely before the next breath is initiated. The capnogram 
will then have a steep slope, as illustrated in Figure 6.9. When this occurs, the measured 
P ET C0 2 does not provide a good estimate of P a C0 2 . The slope of the expiratory phase on the 
capnogram can be monitored during treatment with bronchodilating drugs. As broncho¬ 
spasm (wheezing) resolves, the slope of the expiratory phase becomes less steep and an 
alveolar plateau returns, suggesting improvement in the distribution of ventilation. 

Changes in CO z production (Vco 2 ) can be determined by monitoring the P ET C0 2 . 
Acute increases in P ET C0 2 can occur in a variety of clinical situations, particularly when the 
patient is sedated or paralyzed and not able to increase minute ventilation. An increase in 
C0 2 production occurs after administration of sodium bicarbonate as during CPR, during 
rewarming after surgical procedures performed using cardiopulmonary bypass, during 
malignant hyperthermia, and during removal of pneumatic antishock garments. When 
C0 2 production increases, the P ET C0 2 provides immediate and direct data with which to 
adjust ventilatory parameters to optimize the P a co 2 and prevent complications. 


6.1.4.4 Weaning from Mechanical Ventilation 

Capnography provides useful information about the patient's ventilatory status during 
weaning from mechanical ventilatory support. A rising P ET C0 2 and/or loss of a good al¬ 
veolar plateau on the capnogram usually represents a failing weaning attempt. The 
capnographic waveform can also produce useful information about the development of 
significant bronchospasm or gas trapping that can occur during weaning trials. The in¬ 
crease in airway resistance in this situation is manifested by a slow expiratory upstroke on 
the capnogram. 

The shape of sequential capnograms can indicate the status of the patient being 
weaned from ventilatory support by synchronized intermittent mandatory ventilation 
(SIMV). Patients with normal lungs have a similar capnogram from breath to breath de¬ 
spite varying tidal volumes that might be taken during SIMV. Patients with significant 
lung disease, however, often have marked variations in tidal volume and expiratory time, 
causing varying and inadequate alveolar plateaus from breaths taken spontaneously ver¬ 
sus those provided by the ventilator (Figure 6.10). 

6.1.4.5 Carbon Dioxide Rebreathing 

For patients requiring ventilatory support, rebreathing of exhaled C0 2 can occur, particu¬ 
larly if the 0 2 delivery system does not have an adequate fresh gas flow. The capnograph 
can provide a visual indication of C0 2 rebreathing. If a patient begins to rebreathe gas 
containing C0 2 , the inspired C0 2 tension rises above zero and may continue to rise with 
each successive breath (Figure 6.11). 
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Figure 6.10— Capnogram from a patient ventilated 
with synchronized intermittent mandatory ventila¬ 
tion (SIMV), demonstrating the capnogram 
obtained during a ventilated breath (a) and from a 
spontaneous breath (b). 
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Figure 6.11— Capnogram from a patient who is 
rebreathing C0 2 . 
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Rebreathing of C0 2 can occur in the critically-ill patient for a number of reasons. 
The patient rebreathes expired gas containing C0 2 if the expiratory valve is dislodged or 
missing from a self-inflating resuscitation bag. If the fresh gas flow provided to a t-piece 
ventilating system is less than about two times the minute ventilation, rebreathing of ex¬ 
pired gas occurs. An incompetent expiratory valve in the ventilator circuit also causes 
rebreathing. 

6.1.4.6 Cardiopulmonary Resuscitation 

Capnography is useful during cardiopulmonary resuscitation (CPR). The P ET C0 2 falls pre¬ 
cipitously following cessation of perfusion after cardiac arrest. As the output from the 
heart ceases, pulmonary blood flow falls and C0 2 is no longer eliminated by the lung be¬ 
cause the blood containing the high C0 2 does not reach the lungs for exhalation. As the 
patient is resuscitated, systemic and pulmonary blood flow return and C0 2 can be elimi¬ 
nated by the lung. The capnogram becomes a helpful noninvasive monitor of the ad¬ 
equacy of perfusion during CPR, particularly during closed chest cardiac compressions. It 
also provides a useful prognostic indicator of survival after CPR. Patients who can be suc¬ 
cessfully resuscitated have an increase in P ET C0 2 during CPR, while those not resuscitated 
continue to have a low P ET C0 2 despite closed chest resuscitation. 

6.1.4.7 Hemodynamic Monitoring 

The accurate determination of pulmonary artery (PA) pressures and the pulmonary cap¬ 
illary wedge pressure can be very difficult and can be inaccurate in some critically ill pa¬ 
tients, particularly for those breathing rapidly with a great deal of respiratory variation in 
the PA pressures measured. The capnogram can aid in the timing of hemodynamic mea¬ 
surements to end-expiration. If the capnogram and PA pressure waveform are synchro¬ 
nized, the timing of end-expiration can be accurately determined and the pressure mea¬ 
surements reliably obtained (Figure 6.12). This technique may only be possible with main¬ 
stream capnographs, since an inherent time delay is associated with sidestream 
capnographs. Formal clinical studies are necessary to confirm this relationship and to 
document the value of mainstream capnography in facilitating the determination of end- 
expiration to guide the measurement of hemodynamic parameters. 

6.1.4.8 Use for Monitoring Nonintubated Patients 

Capnometers can monitor ventilation in spontaneously breathing, nonintubated patients. 
Sidestream analyzers equipped with specially-adapted nasal cannulae can sample ex¬ 
pired gas and measure the C0 2 concentration. The cannulae are modified so that gas sam¬ 
pling occurs through one port and 0 2 delivery through the other (Figure 6.13). The data 
obtained with these devices can be very useful, but must be interpreted with caution. The 
accuracy of P ET C0 2 measurement in the spontaneously breathing patient depends on the 
proper placement of the sampling tube in the patient's nare, or nasopharyngeal airway. If 
the patient exhales through the mouth, the P ET C0 2 measured will not reflect the true 
P et C0 2 . 
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Figure 6.12— Synchronized recording of pulmo¬ 
nary artery (PA) pressure and pulmonary capillary 
wedge pressure measurements (upper waveform) 
and the capnogram from a mainstream capnometer 
(lower waveform). The arrow indicates the end- 
expiratory point on the capnogram to assist in the 
determination of the pulmonary capillary wedge 
pressure in a patient who has significant respiratory 
variation in the PA pressure waveform. 
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Figure 6.13— Modified nasal cannulae used in 
monitor CO z using a sidestream capnometer while 
simultaneously providing supplemental oxygen. 
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6.1.5 Limitations of Capnography 

Capnography has a number of limitations. When used to monitor ventilation in some pa¬ 
tients with severe respiratory failure, the relationship between the P ET C0 2 and P a C0 2 can be 
poor. In addition, not only can the correlation between these values be low, but the 
P(a-Er)C0 2 gradient can vary over time in an individual patient. Even in the normal person 
without significant lung disease, the relationship between P a C0 2 and P ET C0 2 can vary over 
time. Some studies evaluating the relationship between P ET C0 2 and P a C0 2 in patients being 
weaned from ventilatory support have shown a poor correlation between these param¬ 
eters. The P ET CO a measurements, therefore, must be correlated with P a C0 2 measurements 
regularly. The P ET C0 2 values and the capnographic waveform are supplements to, rather 
than replacements for, P a C0 2 values. 

6.1.6 Capnography Summary 

Capnometers are commercially available as stand-alone units or as a modular component 
for a multiparameter bedside monitor. Modular instruments have the advantage of the 
respiratory data being integrated with hemodynamic and electrocardiographic data on a 
single display. Infrared instruments are often combined with pulse oximeters, non- 
invasive blood pressure monitors, or other monitoring devices into a freestanding and 
portable device. 

When selecting an instrument, the sampling technique should be carefully consid¬ 
ered. The choice of a mainstream or sidestream device depends on the importance of 
monitoring nonintubated patients and on concerns about the response time of the instru¬ 
ments. The sidestream device can be used to monitor nonintubated patients, while the 
mainstream device cannot. The response time for the sidestream instruments is slower 
than that for the mainstream capnographs. For the intubated patient, the weight and 
deadspace of the mainstream device is of concern, particularly in the intensive care unit 
when used to monitor patients who are alert and mobile. When selecting a sidestream 
analyzer, the adequacy of the moisture control system must be taken into account, includ¬ 
ing the mechanisms that control moisture and prevent secretions from occluding the sam¬ 
pling tube. 

6.2 Anesthetic Agent Monitoring 

In the operating room, the monitoring of concentrations of volatile, inhalational anesthetic 
agents has become routine. This monitoring technique assures that the correct agent is 
administered and that the concentration provided to the patient is appropriate. It also 
guarantees that the delivery system for the vaporizers used to vaporize the liquid anes¬ 
thetic agent is working properly. 

Ultraviolet spectrophotometry, silicone rubber elasticity, quartz crystal oscillation, 
mass spectroscopy, Raman scattering, and infrared spectrometry have all been used to 
assess the concentration of anesthetic agents. The most popular techniques currently in 
use include mass spectrometry, Raman spectrophotometry, and infrared spectrophoto¬ 
metry. Other techniques, such as an acoustic technology using lasers, have been used to 
monitor the concentration of anesthetic agents in respiratory gases. 
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6.2.1 Mass Spectrometry 

Mass spectrometry can assess inspired and expired volatile anesthetic agent concentra¬ 
tions in the operating room using the same technique as is used to monitor C0 2 (Section 
6.1.1.1). Gas is aspirated into an instrument located away from the operating room. The 
gas sample is analyzed with a magnetic sector analyzer, differentiating agents based on 
their mass-charge ratio. The instruments are shared among a number of operating rooms, 
typically up to ten rooms. The instrument can differentiate each anesthetic agent used, so 
that, if more than one agent were accidently administered, the clinician would observe 
specific concentrations of each agent. 

The mass spectrometer has a number of advantages as an anesthetic agent moni¬ 
tor. The technique is very accurate, has a rapid response time so that changes in the in¬ 
spired or expired anesthetic agent levels are immediately reflected in the measurement, 
and can distinguish among the many anesthetic agents. The mass spectrometer can also 
monitor nitrogen levels in respiratory gases, which is used to determine if air has been in¬ 
troduced into the breathing circuit, from a ventilator circuit disconnection or leak, or that 
the patient has an air embolus. This technique of checking for air emboli is the most sensi¬ 
tive and specific. By early detection, the patient can be rapidly treated and serious conse¬ 
quences of air emboli avoided. 

The major disadvantages of mass spectrometers used to monitor anesthetic agents 
are the high cost, large maintenance requirements, and the need to share the instrumenta¬ 
tion with other operating rooms. The shared technology prevents rapid reporting of 
changes in anesthetic concentration and does not provide continuous C0 2 monitoring or 
monitoring of nitrogen. Since most clinicians prefer continuous CO, monitoring, many 
operating rooms using mass spectrometers for anesthetic agent monitoring utilize other 
instrumentation, such as infrared spectrometers, to assess CO,. 

6.2.2 Raman Spectrometry 

Raman spectrophotometry is currently available to monitor specific anesthetic agents in 
addition to C0 2 concentrations in respiratory gases. For CO, monitoring, an argon laser 
light source is used (Section 6.1.1.2). The anesthetic gas concentrations are proportional to 
the amount of light at the different wavelengths. Raman spectrometry provides a reliable 
measure of the specific anesthetic agent being administered. The advantages of this tech¬ 
nology for many anesthesiologists include its relatively simple operation, lower cost com¬ 
pared to mass spectrometry, and lower maintenance. The argon laser, however, has a lim¬ 
ited life span and the power requirements of the instrument are high. Other lasers have 
been evaluated to address these concerns, but none are ready for clinical use. 

Raman optical signals provided by anesthetic agents administered at concentra¬ 
tions of about 1 % as used clinically are rather weak and may overlap. The noise level for 
these instruments is therefore large: for example, noise levels of ±0.13% for halothane and 
±0.05% for isoflurane are significantly greater than those for a mass spectrometer with a 
typical noise level as low as ±0.02%. The Raman scattering analyzer also calibrates only 
with an argon-free background and room air nitrogen and 0 2 peaks. The instrument does 
not provide any calibration for C0 2 or anesthetic agents whose strength ratios relative to 
nitrogen and 0 2 are assumed to remain constant. 
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6.2.3 Infrared Spectrophotometry 

Infrared spectrophotometry is used to measure levels of anesthetic agents as well as C0 2 
(Section 6.1.1.3). The principle in that technique is the different gases absorb infrared light 
at different wavelengths. Most clinical systems are optical, using a photodetector to deter¬ 
mine amount of light transmitted after the light passes through the gas sample. The ad¬ 
vantages of infrared spectrometry to other techniques are that it is inexpensive, simple 
to use, and reliable in the clinical environment. 

Infrared spectrophotometry has a number of disadvantages for monitoring vola¬ 
tile anesthetic agents. First, nitrogen and 0 2 have no infrared absorption spectrum. To 
measure these gases, an alternate method is required. Many of the commercially available 
infrared monitors cannot differentiate specific anesthetic agents. The monitor provides in¬ 
formation about the concentration of the agent administered, but the user must identify 
which specific agent is being used. In addition, several chambers are required to assess all 
gases being monitored. This complicates the technique and makes it difficult to measure 
all gases simultaneously. 

6.3 Summary 

Monitoring the concentration of C0 2 and anesthetic agents from respiratory gases in the 
intensive care unit and operating room has become common place. The techniques today 
are reliable, cost-effective, and have significantly improved the safety of anesthesia in the 
operating room and of ventilation in the recovery room and intensive care units. The 
available techniques provide useful, noninvasive, and continuous monitors of ventilation 
with minimal risk. The American Society of Anesthesiologists, the Society of Critical Care 
Medicine, and many legislative bodies recognize the value of these monitoring methods 
and have either recommended or mandated their use. The clinical applications for 
capnography, particularly in the intensive care environment and in the nonintubated pa¬ 
tient, are expected to increase as better monitors are designed and the understanding of 
the physiology of capnography increases. Additional studies, however, must confirm that 
capnography and agent-specific anesthesia monitoring actually improve patient outcome 
and reduce the costs of caring for patients in the operating room, recovery room, and in¬ 
tensive care units. 




ABBREVIATIONS 


Note: For oxygenation/ventilation measurements, 
the capital letters indicate the physical quantities 
and secondary symbol indicates the location of the 
measurement. 

A slash (-) over a symbol denotes mixed 
or mean value 

A dot (.) over a symbol indicates a unit of time 
a arterial 
A area or alveolar 
a/A arterial alveolar ratio 
AC alternating current 
A/D analog to digital 
Ag silver 

A-P anterior-posterior 
Au gold 
C compliance 

C a 0 2 oxygen content of arterial blood 
Q,0 2 oxygen content of venous blood 
C( a -v)°2 arterial-venous oxygen content 
difference 

c' flow end-pulmonary capillary blood flow 
Cl cardiac index 
Cl chloride 
cm centimeter 

CO carbon monoxide or cardiac output 
C0 2 carbon dioxide 
COHb carboxyhemoglobin 
C0 2 oxygen content in blood 
CPR cardiopulmonary resuscitation 
D diffusion 
DC direct current 
dl deciliter 
D0 2 oxygen delivery 
e electron 

E elasticity or energy or voltage 
ERV expiratory reserve volume 
ET end-tidal 

ETC0 2 end-tidal carbon dioxide 
ETo 2 end-tidal oxygen 

f breathing or respiratory frequency 
F fahrenheit 

FEF forced expiratory flow 
F e 0 2 fractional concentration of expired 
oxygen 


FEV forced expiratory volume 
Fi0 2 fractional inspired oxygen 
concentration 

Fj 0 2 fractional concentration of 
inspired oxygen 

FRC functional residual capacity 
ft feet 
gm gram 
H + hydrogen ion 
H 2 hydrogen 
Hb hemoglobin 
HC0 3 " bicarbonate ion 
H 2 C0 3 carbonic acid 
H 2 0 water 
He helium 
Hg mercury 
Hz hertz 

ICU intensive care unit 
in inches 

IPPB intermittent positive 
pressure breathing 
IR infrared 

IRV inspiratory reserve volume 
k constant 
kg kilogram 
kPa kiloPascal 
L length 
1 liters 
lb pound 

LED light-emitting diode 
LPM(1/min) liters per minute 
M mass 
mM millimoles 
mm millimeters 
mW milliwatt 
MAP mean arterial pressure 
MetHb methemoglobin 
ml milliliters 
min minute 
MW molecular weight 
n mass or number 
of gas molecules 
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NICU 

neonatal intensive care unit 

n 2 

nitrogen 

n 2 o 

nitrous oxide 

nm 

nanometer 

OH- 

hydroxyl ions 

o 2 

oxygen 

P 

pressure 

Pa 

arterial pressure 

Pv 

venous pressure 

Pa 

alveolar pressure 

Pb 

barometric pressure 

Ph 2 o 

water vapor pressure 

PN 2 

nitrogen pressure 

Po 2 

oxygen partial pressure 

P a C °2 

arterial carbon dioxide partial 
pressure 

P a°2 

arterial oxygen partial pressure 

p a co 2 

alveolar carbon dioxide partial 
pressure 

P A°2 

alveolar oxygen partial pressure 

P c co 2 

capillary carbon dioxide partial 
pressure 

P c o 2 

capillary oxygen partial pressure 

P ET co 2 

end-tidal partial pressure of C0 2 

Pio 2 

inspired oxygen partial pressure 

Pco 2 

mixed venous carbon dioxide 
partial pressure 

Po 2 

mixed venous oxygen partial 
pressure 

P(A-a)°2 

alveolar-arterial oxygen gradient 

P(a-ET) co 2 

arterial end-tidal carbon dioxide 
gradient 

P(I-E)°2 

oxygen partial pressure gradient 
between inspired and end-tidal 
gas 

pH 

a measure of acidity or alkalinity of 
a solution 

AP 

pressure change 

PA 

pulmonary artery 

PAOP 

pulmonary artery occlusion 
pressure 

Pb 

lead 

PEEP 

positive end-expiratory pressure 

PSI 

pounds per square inch (pressure) 

Pt 

platinum 

PVC 

premature ventricular contraction 

r 

radius 

R 

gas constant or resistance 


AR 

resistive change in impedance 

RAM 

random access memory 

REM 

rapid eye movement 

RV 

residual volume 

. Q 

blood flow 

Qsp 

physiological shunt 

Qsp/Qt 

intrapulmonary shunt fraction 

Sa0 2 

arterial oxygen saturation 

Sa0 2 frac 

fractional arterial oxygen saturation 

Sa0 2 func 

functional arterial oxygen saturation 

Sc'0 2 

oxygen saturation of the end- 
pulmonary capillary 

sec 

second 

SFR 

sampling flow rate 

SIMV 

synchronized intermittent 
mandatory ventilation 

Sv0 2 

mixed venous oxygen saturation 

s P o 2 

pulse oximetry arterial oxygen 
saturation 

T 

temperature 

t 

thickness 

Te 

expiratory cycle time 

Ti 

inspiratory cycle time 

torr 

1 mmHg 

V 

viscosity 

v E 

minute ventilation 

V 

gas flow 

V 

volume 

v 

v gas 

rate of transfer (diffusion) of a gas 

AV 

volume change 

v D 

minute deadspace ventilation 

V D 

deadspace gas 

V 

mixed venous blood 

v A 

minute alveolar ventilation 

V/Q 

ventilation/perfusion ratio 

V A 

alveolar gas volume 

v D /v T 

dead space to tidal volume ratio 

vol% 

volumes percent 

V x 

tidal volume 

Vco 2 

minute carbon dioxide production 

Vo 2 

oxygen consumed 

Vco 2 /Vo 2 

respiratory exchange ratio 

AXc 

capacitive change in impedance 

AZ 

impedance change 

Z 

zone or impedance 
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11.0 GLOSSARY 


Acinus — A group of alveoli in the lower airway of the 

lung that forms a functional respiratory unit supply¬ 
ing gas and blood for respiration. 

Airway resistance — Resistance specific to the movement 
of air through the conducting airways beginning at 
the mouth and/or nose and continuing through the 
large bronchi, the bronchioles, and ending in the 
alveoli. For patients on mechanical ventilators, 
airway resistance includes the resistance of the 
ventilator circuitry and the endotracheal tube. 

Alveolar macrophages — A specific type of blood cells 
found in the alveoli that aids in sequestering and 
destroying bacteria. 

Alveoli — The tiny air sacs at the end of the airways in the 
lung; composed of very thin flat cells that form the 
network for gas exchange between fresh air and 
venous blood. 

Anemometer — An instrument for measuring the force 
and speed of air through a medium such as lung 
tissue. 

Angle of Louis — The slight angle that exists between the 
manubrium and the body of the sternum. 

Apnea — A transient stoppage of breathing. 

Avogadro's law — The principle that equal volumes of 

different gases under identical conditions of pressure 
and temperature contain the same number of 
molecules. 

Base impedance —The base value of impedance used for 
both children and adult electrocardiogram elec¬ 
trodes; usually around 500 Ohms. 

Bicarbonate — The chemical radical group denoted by 
HC0 3 or a compound containing this group; 
bicarbonate acts as a buffer to absorb hydrogen 
or other kinds of ions. 

Blood resevoir — A function of the lung in that it serves as 
a receiving chamber for venous blood returning to 
the right ventricle of the heart. 

Boyles's law —The principal that at a fixed temperature, 
the pressure of a confined ideal gas varies inversely 
with its volume. 

Bronchus — Bronchi, plural; any of the larger air passages 
of the lungs having an outer fibrous coat with 
irregularly placed plates of hyaline cartilage, an 
interlacing of smooth muscle, and a mucous mem¬ 
brane of columnar epithelial cells. 

Capacitance — The proportionality constant relating the 
electric charge of a device that stores electric energy 
to the voltage across the two conductive elements of 
the device. 

Capnography — The graphic representation and interpre¬ 
tation of the waveform of the changing concentration 
of carbon dioxide during the entire respiratory cycle. 

Capnometers — Instruments developed to record and 
interpret the waveform of the changing concentra¬ 
tion of carbon dioxide during the entire respiratory 
cycle. 


Carbon dioxide transport — The elimination of carbon 
dioxide, the byproduct of cellular metabolism, from 
the capillary venous blood via the lungs. 

Carbonic anhydrase — An enzymatic protein in the blood 
that acts as a catalyst to enhance certain chemical 
reactions in the blood. 

Cardiac arrhythmia — An alteration of either time or force 
of the rhythm of the heartbeat. 

Cardiac diastole — The dilation or period of dilation of a 
chamber of the heart. 

Carboxyhemoglobin — The hemoglobin molecule that 
combines with carbon dioxide when transporting it 
through the lungs for removal from the ventilatory 
system. 

Cardiac output — The volume of blood pumped by the 
heart per unit time, usually expressed in liters per 
minute (1/min); also the product of the heart rate and 
the stroke volume. 

Cardiac systole — The contraction or period of contraction 
of the heart or one of its chambers. 

Cerebrospinal fluid (CSF) — The serumlike fluid that 
bathes the lateral ventricles of the brain and the 
cavity of the spinal cord. 

c' flow — The measurement of the oxygenation of the end- 
pulmonary capillary blood. 

Charles' law — The physical law that the volume of a fixed 
mass of gas held at a constant pressure varies directly 
with the absolute temperature (also related to Gay- 
Lussac's law). 

Chemical receptors — (Also chemoreceptors). A protein 
molecule usually found at a nerve ending or in a 
sense organ such as for smell or taste that is 
sensitive to chemical stimulation. 

Chloride shift — The reaction across the cellular mem¬ 
brane that promotes the movement of bicarbonate 
ions out of the cell in exchange for chloride ions from 
the plasma into the cell; maintains electrical and 
chemical equilibrium in the system. 

Compliance — A measure of how easily the lung distends 
when a gas passes through; the reciprocal of elasti¬ 
city. 

Cough mechanism — A function of the larynx; clears 
particles from the larynx, trachea, and large 
airways; operates in several phases including 
irritation, deep inspiration, airway closure, 
compression, airway opening, and expulsion. 

Dalton's law of partial pressures — This law states that 
each gas in a mixture contributes its share of the total 
pressure in proportion to its percentage or concentra¬ 
tion in the mixture. 

Deadspace gas — The amoung of gas left in the conducting 
airways at the end of the breath or gas that reaches 
capillaries with no blood supply. 

Diaphragm — A primary muscle in the abdomen that 

elongates the thoracic cavity during inspiration and 
is innervated by the right and left phrenic nerves 
from the spinal cord. 
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Diffusion — The movement of gases across a membrane 
and into and out of cells due to their tendency to 
move from areas of higher kinetic energy to areas 
of lower kinetic energy or concentration. 

Diffusion coefficient — A special factor used in 
determining the rate of diffusion across a 
membrane; see Fick's principle or law. 

Diffusion impairment— Occurs when the alveolar 
capillary membrane becomes thickened (for 
example, in pulmonary edema) and results from 
ventilation perfusion inequality. 

Dynamic ventilation — A complex set of functions, 

including muscle movement resulting in changes 
in size and shape of the thorax and lung, cyclic 
pressure changes in the thorax and lung leading to 
gas movement and volume change, and gas 
distribution within the lung as related to 
compliance and resistance. 

Dyshemoglobins — Faulty, incorrect malformed hemo¬ 
globin. 

Elasticity — A measure of the force with which the lung 
fibers attempt to recoil after deflation; the reciprical 
of compliance. 

Electrocardiogram (ECG or EKG) — The signal traced by 

an electrocardiograph; used to diagnose heart disease 
that modifies the electrical activity of the heart. 

Electrochemical sensors — Devices to routinely measure 
inspiratory oxygen in patient ventilator circuits; 
include polarographic types and galvanic or fuel 
cell types. 

Epiglottis —The section of tissue, located at the superior 
musculature of the larynx, that covers and protects 
the airway from the aspiration of food particles or 
foreign bodies during swallowing. 

Expiratory cycle (Te) — The expiratory component of the 
ventilatory cycle controlled by the expiratory 
neurons in the medulla of the brainstem. 

Expiratory reserve volume (ERV) — The amount of 

volume exhaled forcefully from the resting position 
when the lung and thorax exert equal forces. 

External respiration — The exchange of gas that occurs 
at the alveolar capillary level of the lung and 
exchanges oxygen supplied from the atmosphere 
by ventilation and the venous blood supplied by 
the lung capillaries. 

Fick Principle — (Also as Fick's law). The rate of diffusion 
of a gas across a membrane is proportional to the 
surface area of the membrane, a diffusion coefficient, 
the partial pressure differences or concentration 
difference between the two sides of the membrane. 

Forced expiratory volume (FEV) — The amount of air 
forced out of the lung. 

Functional residual capacity (FRC) — The amount of gas 
in the lung when the lung elastic forces and the 
thoracic forces are equal but pulling in opposite 
directions. 

Functional saturation (%Sa0 2 ) —The sum of the oxvgen 
saturation of the four hemoglobin species in the 
blood. 


Galvanic cell sensor — Used to measure inspiratory 
oxygen in the patient ventilation circuit with an 
electrochemical cell; has a gold or platinum cathode 
and a lead or copper anode with potassium 
hydroxide as the usual electrolyte. 

Gas exchange — The interchange of essential oxygen and 
the waste product of metabolism, carbon dioxide, as 
well as other minor gases by the respiratory system 
in the lung. 

Gay-Lussac's law — The physical law that the volume of 
a fixed mass of gas held at a constant pressure 
varies directly with the absolute temperature (see 
Charles's law). 

General Gas law — Also Ideal Gas law; states that the 
pressure and the volume of a gas relates to the 
number of gas molecules present and the absolute 
temperature multiplied by a gas constant. 

Glottis — The opening through which air enters the 
airway'. 

Graham's law — This principle states that the relative rates 
of diffusion of gases under the same conditions are 
inversely proportional to the square roots of the 
molecular weight(s) of the gas(es); an application of 
the kinetic theory of gases. 

Hemoglobin — The iron-containing protein in red blood 
cells that carries oxy'gen. 

Henry's law — This principle states that the quantity of 
gas that dissolves in a liquid as proportional to the 
partial pressure and solubilities of each gas. 

Hering-Breuer reflex — The reflex from the prolongation 
of the respiratory cycle produced by maintaining 
lung inflation. 

Humidity determination — Measurement of water vapor 
in the humidified gas delivered by modern ventila¬ 
tors by specific humidity sensors. 

Hypercarbia — Excess carbon dioxide in the blood; also 
hypercapnia. 

Hypopnea — Abnormally slow and shallow breathing. 

Hypoventilation — The underventilation of the lung; 

causes fresh oxygen not to be replenished in the lung 
so that arterial oxygen tensions start to approach 
those of venous blood and reduced the partial 
pressure gradient between the gas and the blood. 

Hypoxemia — Deficiency of oxygen in the blood; also 
hypoxia. 

Immunoglobulins — A class of protein molecules that 
act as antibodies to immobilize certain bacteria and 
viruses. 

Impedance — A measure of the total opposition to 
current in a circuit or air through an airway. 

Inertia — Forces required to accelerate the gas and tissues 
making up the respiratory system. During normal 
breathing, inertia remains negligible. 

Infrared spectrophotometry — A measurement system 
based on the principle that different gases absorb 
infrared light at different wavelengths. 

Inspiration — The intake of air into the lungs; occurs 

when alveolar pressure falls below the atmospheric 
pressure; a form of negative breathing. 
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Inspiratory cycle — The inspiratory component of the 

ventilatory cycle under the control of the inspiratory 
neurons at the end of nerves from the medulla of the 
brainstem. 

Inspiratory reserve volume (IRV) — The maximum 

amount of air that can be inhaled following a normal 
quiet inspiration. 

Intermittent positive pressure breathing (IPPB) — Also 
called mechanical ventilation; the situation in which 
the alveolar pressure causes the capillary to collapse. 

Internal respiration — The gas exchange occurring 

between the systemic capillary cells and the actual 
tissue cells; at this level, the oxygen need and the 
carbon dioxide removal depends on the metabolic 
activity of the cells. 

Intrapleural pressure — The pressure surrounding the 
lung. 

Irritant receptors — Nerve endings located primarily in 
the upper airways that respond to changes in lung 
volume during inspiration and expiration. 

Juxtacapillary receptors (J receptors) — Nerve endings 
located close to the pulmonary capillary; they 
respond to capillary congestion as seen in pulmonary 
edema and to certain types of drugs. 

Kinetic theory of gases — The theory of gas behavior that 
states a gas that occupies a space is not continuous, 
gas molecules are in constant motion and have 
kinetic energy, and gas molecules continually 
collide with one another. 

Laryngopharynx — The section of the upper airway from 
the base of the tongue to the opening of the esopha¬ 
gus; contains the glottis, the opening through which 
air enters the airway and the epiglottis which covers 
and protects the airway during swallowing. 

Larynx — The cartilaginous, connective passage way 

between the upper and lower airways that functions 
to house the vocal cords. 

Laser-doppler anemometer — An instrument used to 
measure the force and speed of air through the 
lung tissue using real-time integration of flow and 
volume measurements. 

Lung clearance — The ability of the lung to mechanically 
and chemically clear itself of inhaled foreign 
particles. 

Lung compliance — The measure of how easily the lung 
distends. 

Lung parenchyma — The lung tissue surrounding, but 
not connected to, the bronchi. 

Macrophages — A type of blood cells that sequester and 
rid the blood and tissues of foreign particles or 
organisms. 

Mass spectrometry — The measurement system that uses 
the relationship between the molecular charge and 
the mass of substances to determine their concen¬ 
tration in a solution. 

Mean arterial pressure (MAP) — The mean blood pressure 
in the arteries. 


Mechanical receptors — Also mechanoreceptors; nerve 
endings that respond to mechanical factors such as 
lung volume and muscle tension on the chest wall 
and diaphragm; they send information back to the 
respiratory control center to regulate tidal volume 
and breathing frequency and pulmonary reflexes. 

Mechanical ventilation — Aiding or supporting a patient's 
ventilation using a device to inspire air into the lungs 
and to extract air from the lungs; used during 
anesthetic surgery and in intensive care units. 

Minute alveolar ventilation (VE) — The amount of gas 
moved in and out of the lung during one minute; 
also called minute deadspace ventilation. 

Mitochondria — The organelle within each cell that 
contains enzymes to convert food into usable 
energy. 

Mixed venous oxygen saturation (of hemoglobin) — 

Abbreviated as Sv0 2 , a measurement of the oxygen 
saturation of hemoglobin at the point of oxygen for 
carbon dioxide exchange; reflects the balance 
between oxygen delivery and oxygen consumption 
in the body as a whole. 

Motion artifact — The mechanical modulation of the 
pathlength of the transmitted light due to motion 
as measured by a pulse oximeter sensor. 

Mucociliary blanket — The cells and structures lining 

the tracheal bronchi that participate in the filtration 
and clearance of inhaled particles from the lung. 

Nares — The external orifices (openings) of the nose. 

Ohm's law — A summary of the relations between 

voltage, current, and resistance whereby voltage 
equals the product of current and resistance. 

Oxyhemoglobin — The combination of oxygen with 
hemoglobin in an easily reversible reaction. 

Partial pressure of oxygen (Po 2 ) — The pressure that 
oxygen would exert if it were alone in a container. 

Partial pressure of arterial oxygen (Pao 2 ) — The partial 
pressure of oxygen in arterial blood. 

Partial pressure of venous oxygen (Pvo 2 ) — The partial 
pressure of oxygen in venous blood, usually 
determined in venous blood from the pulmonary 
artery. 

Pauling's principle — A phenomenon in which the 
presence of a magnetic field, oxygen molecules 
become like small magnets and intensify the 
strength of the magnetic field. 

Perfusion — The flow of blood through the lung, specifi¬ 
cally through the pulmonary capillaries; facilitates 
the diffusion process and serves as the essential 
carrier mechanism for transport of gases to and from 
the tissue cells. 

Periodic breathing — In infants, the three or more central 
apneas of at least 3 and or more than 15 seconds long 
with each separated by no more than 20 seconds of 
stable regular breathing. 

Pharynx — The space behind the oral and nasal cavities; 
divided into the nasopharynx, the oropharynx, and 
the larynogopharynx. 

Phrenic nerve — The nerve running from the spinal 

column to the diaphragm that influences the total 
ventilatory cycle, including the inspiratory and the 
expiratory components. 
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Photoplethysmography — A system of measurement that 
differentiates arterial from venous blood using light 
reflectance or light transmission through vascular 
tissue to measure arterial pressure waveforms 
generated by the cardiac cycle. 

Pitot tube — An older device used to measure pressure 
differences across a known resistance during gas 
movement; consists of a tube with a short right- 
angled bend that orients vertically in the stream of 
gas so that the end is directed up stream. 

Plasma proteins — Proteins that reside in the blood 

(serum) and that bind to various kinds of gases, thus 
acting as carrier molecules in the human circulatory 
system. 

Pleura — The serous membrane interspersed throughout 
the lungs and lining of the thoracic cavity. It com¬ 
pletely encloses a potential space known as the 
pleural cavity. 

Pneumocytes, alveolar — Very flat cells approximately one 
tenth of a micron in thickness that make up the 
alveolus (alveoli, plural), the primary functional gas 
exchange unit. 

Pneumothorax — The accumulation of air in the pleural 
cavity because of a hole in the lung or chest wall. 

Poiseuille's law — The principle that describes the airflow 
resistance properties of the lung; airflow resistance 
primarily depends on the physical dimensions of the 
passages, with the radius being the most important. 
The pressure required to achieve a constant air flow 
changes every time the airway geometry changes; 
thus, resistance equals the pressure difference 
between peak pressure and plateau pressure divided 
by airflow. 

Polargraphic sensor — Measures inspiratory oxygen in the 
patient ventilation circuit using an electrochemical 
cell; uses the ability of oxygen to chemically react 
with water in the presence of electrons to produce 
hydroxyl ions. 

Premature ventricular contractions (PVCs) — Signals seen 
on electrocardiograms that indicate the premature 
contractions of the ventricle of the heart. 

Pulmonary blood flow — The blood flow achieved 
through the branching network of pulmonary 
arteries that distribute venous blood to the alveolar 
capillaries of gas exchange and to the secondary 
perfusion system of the smaller bronchial arteries. 

Pulmonary circulation — The blood system in the lung, 
which comprises two main pulmonary arteries, 
branching into the bronchi, and finally forming the 
sheet-like capillary network called the alveolar 
capillary- 

Pulmonary stretch receptors — Nerve endings that receive 
input by the stretch of the lung smooth muscles; they 
are sensitive to stretch as lung volume or pressure 
changes. 

Pulse oximetry — A noninvasive method to measure the 
color of the hemoglobin molecule, and therefore 
oxvgen saturation of the arterial blood, through the 
skin. 

Pulse oximeter— Instruments that measure patient 
ventilation using a pulse waveform continuous 
monitoring system. 


Raman spectrometry — A measurement system based on 
the Raman effect in which scattering occurs when 
photons from a laser beam collide with gas mol¬ 
ecules. 

Residual volume (RV) — The amount of air remaining in 
the lung after a complete exhalation. 

Resistance — Opposition or counter-acting force; an 
impediment to air flow through the tissue. 

Respiratory signal AZ — The vector composed of 
capicitative and resistive impedance. 

Shunt — The situation when blood bypasses the lung; 
shunted blood does not undergo an exchange with 
alveolar gas and has a lowered arterial oxygen 
tension below that of the alveoli. 

Spectrophotometry — A system of measurement of the 

hemoglobin saturation based on the color and optical 
density of the hemoglobin molecule. 

Spirometer — A device to measure lung volumes and 
ventilation; includes a breathing tube, a collection 
chamber, and a calibrated recording device. 

Starling resistor phenomenon — The blood flow in the 
second zone of perfusion of the lung at the level of 
the alveoli where the amount of blood flow depends 
on the difference between the arterial perfusion 
pressure and the air or alveolar pressure. 

Tidal volume (V T ) — The volume of gas moved during 
normal restful breathing. 

Tissue viscous resistance — The frictional resistance 

caused by movement of the tissues of the lung and 
the chest wall. 

Trachea — The tubular structure of the lower airway that 
bifurcates into two mainstem bronchi to conduct air 
to the right and left lobes of the lung. 

Transmittance sensors — A photoreceiver that functions to 
measure the transmission of light through a monitor¬ 
ing site. 

Transpulmonary pressure — The inflating pressure to 
which the lung unit is exposed; the distending 
pressures resulting from the effect of gravity on the 
lung. 

Ventilation — the movement of air in and out of the chest; 
includes the movement or chanees in both the 

O 

thoracic cage and the lung. 

Ventilation perfusion ratio — The ratio that determines 
the amounts of oxygen and carbon dioxide ex¬ 
changed in each unit. 

Ventilatory cycle — The complete cycle of inspiration and 
expiration of gases controlled by the medulla of the 
brainstem; regulated primarily by negative feedback 
mechanisms. 

Wheatstone bridge — An instrument or circuit consisting 
of four resistors in series with a galvanometer linking 
the junction between one pair and the other; used to 
determine the value of an unknown resistance when 
the three other resistances are known. 

Xiphoid process — The lower end portion of the sternum 
that is shaped like a sword. 
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